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Abstract 
Continuous steel-reinforced concrete structures are vulnerable to corrosion 
damage when exposed to harsh environment. Although replacing conventional steel 
entirely with basalt fiber-reinforced polymer (BFRP) bars can eliminate corrosion 
problems, the lower modulus of elasticity of BFRP would reduce serviceability of the 
structure. The use of hybrid steel-BFRP bars rather than BFRP bars only has a potential 
to improve the serviceability of continuous concrete structures without reducing the 
deformation capacity. Through experimental testing and numerical simulation, this 
work aims to examine the structural behavior of two-span concrete specimens 
internally reinforced with BFRP or hybrid steel-BFRP bars.  
A total of 12 two-span specimens were constructed and tested. Six specimens 
were over-reinforced and six specimens were under-reinforced. The specimens had 
different hogging-to-sagging reinforcement ratios. Twelve three-dimensional (3D) 
finite element (FE) models representing all of the tested specimens were developed 
using the software package ATENA®. Bond stress-slip models were adopted at the 
interface between the longitudinal reinforcing bars and the surrounding concrete. The 
accuracy and validity of the computational models were examined by comparing their 
predictions with the experimental results.   
Increasing the hogging-to-sagging reinforcement ratio in the BFRP specimens 
increased the ultimate load but had an almost no effect on the cracking load. The 
response of the BFRP under-reinforced specimens was more sensitive to the hogging-
to-sagging reinforcement ratio than that of the BFRP over-reinforced specimens. The 
specimens reinforced with hybrid steel-BFRP bars exhibited less deflections and 
smaller crack widths at service load than those of their counterparts with BFRP bars 
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only. The use of hybrid steel-BFRP reinforcement rather than BFRP bars only had an 
almost no effect on the deflection at ultimate load.  The behavior of the specimens with 
BFRP bars only deviated from the elastic response. The deviation increased by 
decreasing the hogging-to-sagging reinforcement ratio. Specimens with hybrid steel-
BFRP bars exhibited less deviation from the elastic response comparted with that of 
their counterparts with BFRP bars only. The FE models developed in the present study 
simulated the structural behavior of the tested specimens with a good accuracy. The 
predicted ultimate loads and corresponding deflections were within a 20% error band. 
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 )cibarA ni( tcartsbA dna eltiT
 -و ألياف البازلت المقواة الصلبقضبان -سلوك البلاطات المتصلة المسلحة تسليح هجين 
 
 الملخص
ل قضبان تآك لضرر عادة ماتكون عرضة حديد الصلب المسلحة بقضبانالمتصلة الخرسانية  العناصرإن 
-rebif tlasab( واةالمق قضبان ألياف البازلتب الحديداستبدال قضبان . إن ية القاسيةالبيئ الظروف التسليح بسبب
معامل المرونة المنخفض  أن إلا ،عالية للتغلب على مشاكل صدأ الحديد مقدرةلها  )srab remylop decrofnier
د الصلب قضبان حديخدمية المنشأ. إن استخدام التسليح الهجين المكون من  لقضبان ألياف البازلت المقواة يحد من
لمنشأ مقاومة ا على التأثيرحسن من خدمية المنشآت الخرسانية المتصلة دون ي ضبان ألياف البازلت المقواةو ق
حة للدراسة السلوك الإنشائي لعينات خرسانية متصلة مس عدديةمحاكاة معملية والدراسة تجارب  شملتللتشوه. 
 ألياف البازلت المقواة أو التسليح الهجين.بقضبان 
محاكاة افة إلى بالإض يح و ست عينات منخفضة التسليح،لست عينات مرتفعة التسل تضمن البحث إختبار 
كما ). stnemelE etiniF) المبني على دراسة العناصر المحدودة (ANETA®بإستخدام برنامج أتينا ( عددية
م التأكد ت انة المحيطة.من الخرسالمحاكاة العددية توظيف نماذج تحدد استجابة التسليح الطولي للانزلاق  شملت
 من خلال مقارنة نتائج التجارب المعملية مع الدراسة العددية. النظرية ودقة المحاكاة من مدى صحة
ضبان في العينات المسلحة بق الموجب إلىن عزم الانحناء السالب أماكفي  التسليح بين نسبةأدى زيادة ال
قوق في مؤدية لظهور الشألياف البازلت المقواة إلى إرتفاع في قوة التحمل القصوى بدون تغير يذكر في القوة ال
غير للت ثر حساسيةكانت أك تسليحا منخفضا بقضبان ألياف البازلت المقواة فقط العينات المسلحةأن استجابة   العينة.
ى أكثر منها في العينات ذات التسليح المرتفع. أد الموجب إلىن عزم الانحناء السالب أماك في نسبة التسليح بين
 ecivreSي العينات للتقليل من الهبوط وعرض الشقوق الموافق للحمولة الخدمية (استخدام التسليح الهجين ف
استخدام التسليح الهجين أثر  ينتج عنلم  ) مقارنة بالعينات المسلحة بقضبان ألياف البازلت المقواة فقط.daoL
يراتها مقارنة بنظ اهجين اسلحة تسليحوى التحمل القصوى في العينات الملقملحوظ على قيمة الهبوط الموافق 
على أأبدت العينات المسلحة بقضبان ألياف البازلت المقواة إنحرافا  بان ألياف البازلت المقواة فقط.ضالمسلحة بق
مقارنة بالعينات المقابلة المسلحة تسليحا هجينا. أدت الزيادة  للعزوم) esnopseR citsalEعن الاستجابة المرنة (
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ن عزم الانحناء السالب إلى الموجب لخفض الإنحراف عن الاستجابة المرنة للعزوم. أماك في النسبة بين التلسيح في
بدقة ينات لعلتنبأ بالاستجابة الانشائية دراسة المحاكاة العددية أن تفي  تطرح ة التيذج النظريت النمااستطاع
مقارنة بنتائج  %20ن جيدة،و كان الخطأ في التنبأ بقوى التحمل القصوى والهبوط الموافق لها بما لايزيد ع
 التجارب المعملية.
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Chapter 1: Introduction 
1.1 General 
Corrosion of steel reinforcement is the most widespread form of deterioration 
of reinforced concrete (RC) structures. The non-metallic fiber-reinforced polymer 
(FRP) bars have emerged as a result of the new technology in materials manufacturing. 
Because of their high strength-to-weight ratio, light weight, and high corrosion 
resistance, the use of FRP bars as replacement of traditional steel reinforcing bars is 
considered an ideal solution to eliminate corrosion problems in reinforced concrete. 
The use of FRP bars solely as internal reinforcement, however, compromises the 
ductility and limits the rotational capacity of the structural element because of their 
linear elastic stress-strain response. 
Numerous studies have been conducted to examine the flexural response of 
simply-supported concrete elements internally-reinforced with FRP bars. FRP-
reinforced RC elements fail either by concrete crushing or rupture of the FRP bars at 
ultimate. The later mode of failure leads to sudden release of energy and immediate 
loss of load capacity, whereas RC elements exhibiting concrete crushing showed 
ample warning prior to failure by means of excessive number of cracks and large 
midspan deflections. Therefore, the ACI 440.1R-06 committee (ACI, 2006) 
recommends a minimum FRP reinforcement ratio of f = 1.4 fb, where fb is the 
balanced reinforcement ratio, to ensure concrete crushing prior to the rupture of the 
FRP bars at ultimate. However, uncertainty in the ductility and the deformability of 
concrete elements reinforced with FRP bars still remains. Therefore, several 
researchers have recommended the use of hybrid reinforcement (combination of FRP 
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and steel reinforcing bars) to improve the serviceability and deformability of FRP-
reinforced concrete elements (Aiello and Ombres, 2002; Leung and Balendran, 2003).  
To date, there have been few investigations on the performance of continuous 
RC elements internally-reinforced with FRP bars. Due to the lack of experimental 
evidence and numerical studies, most design codes adopt high material strength 
reduction and safety factors and do not allow to account on moment redistribution 
between critical sections (sagging and hogging regions) in continuous RC structures 
internally-reinforced with FRP bars (ACI, 2006; FIB, 2007). However, previous 
studies showed that moment redistribution occurred in continuous beams reinforced 
with adequate FRP reinforcement at the sagging sections without compromising the 
serviceability of the beams (El-Mogy et al., 2010). 
In the present research work, the monotonic behavior of continuous flexural 
elements reinforced with FRP and hybrid reinforcement are investigated. Many 
parameters that affect the moment redistribution between the sagging and hogging 
regions are determined and quantified. A 3D finite element model that simulates the 
response of the flexural element is also developed.  
The specimens investigated in this study are reinforced with basalt-FRP or 
BFRP bars. BFRP bars are manufactured from longitudinal basalt filaments that are 
processed from natural basalt rocks through a melting process similar to that used for 
glass fibers. The basalt filaments do not contain other additives during their production 
process, which gives them an additional cost advantage over the glass filaments. They 
are also characterized by their high tensile strength, large strain to failure, and excellent 
heat and impact resistances (Wei et al., 2010; Zhishena et al., 2012)). Contrary to glass, 
the basalt filaments are known by their chemical stability in alkaline environments, 
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which makes them suitable for use in the alkaline concrete surrounding (Burgoyne et 
al., 2007; Parnas et al., 2007; Adhikari, 2009). On the other hand, BFRP bars are 
characterized by their lower cost and superior chemical resistance than their GFRP 
counterparts (El Refai, 2013; El Refai et al., 2014b; Elgabbas et al., 2015). 
Furthermore, sand-coated BFRP bars showed higher bond strength and higher 
adhesion to concrete than ribbed GFRP bars (Altalmas et al., 2015). It is important to 
note that few studies have recently focused on the use of BFRP bars as internal 
reinforcement. Therefore, codes and standards authorities are yet to formulate 
equations for the design and analysis of concrete elements internally-reinforced with 
BFRP bars. To the author’s knowledge, no studies have been performed to investigate 
the structural response of continuous concrete structures internally-reinforced with 
hybrid steel-BFRP bars. 
1.2 Outline and Organization of the Thesis 
In Chapter (2) of this thesis, a comprehensive review on the available literature 
and previous studies on flexural response of RC structures reinforced with FRP and 
hybrid reinforcement is presented. 
In Chapter (3), the design, the fabrication, and the testing of the studied 
specimens are presented in addition to details about the material properties, the 
specimen’s instrumentation, and the test setup.  
The experimental results of the tested specimens are presented in Chapter (4). 
Failure modes, load-deflection response, strain responses, the moment redistribution, 
and crack width response are all presented and discussed in this chapter. 
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The results of the FE modeling developed in this thesis are presented in Chapter 
(5). The evaluation of the numerical predictions versus the experimental results are 
also presented in this chapter. 
Chapter 6 presents the conclusions drawn from this study. It also includes 
recommendations for future studies on the flexural response of continuous RC 
structures reinforced with composites or hybrid reinforcement.  
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Chapter 2: Literature Review 
2.1 Introduction 
This chapter presents a review of available literature on the flexural response 
of RC structures reinforced with FRP bars and FRP-Steel (hybrid) reinforcement. 
Previous studies conducted on simply-supported RC structures are first presented 
followed by a review of available studies that were conducted on continuous RC 
structures. The chapter concludes by the research needs and the research objectives. 
2.2 Simply-Supported FRP/Hybrid Structures  
Table 2.1 and Table 2.2 list the available studies that were conducted on 
simply-supported beams and slabs reinforced with FRP bars and hybrid (FRP and 
steel) bars, respectively.  
2.2.1 Specimens Reinforced with FRP Bars 
Theriault and Benmokrane (1998) investigated the effect of the reinforcement 
ratio and the concrete strength on the flexural performance of 12 concrete beams 
reinforced with GFRP bars (Table 2.1). The investigated parameters included the crack 
width, the crack spacing, the ultimate capacity, and the mode of failure of the beams. 
The authors concluded that the stiffness of GFRP-RC beams was independent of the 
concrete strength. Increasing the reinforcement ratio resulted in high load-carrying 
capacity, decrease in the width and length of cracks, and hence high stiffness of the 
beam. All GFRP-reinforced specimens were over-reinforced and concrete crushing 
mode of failure was anticipated. However, some specimens failed in shear, which was 
attributed to the loss of bond between the GFRP bars and the surrounding concrete due 
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to the excessive cracking and the small dowel action of the GFRP bars compared to 
that of steel bars. 
Habeeb and Ashour (2008) investigated the use of GFRP bars as longitudinal 
reinforcement in two simply-supported concrete beams having different reinforcement 
ratios (Table 2.1). The equations of the ACI 440.1R-06 committee (ACI, 2006) for 
moment capacity and deflection were evaluated against the experimental results. The 
authors reported that the ACI 440.1R-06 provisions could reasonably predict the load 
capacities and the deflections of the tested beams.  
Mahroug et al. (2013) tested two basalt FRP (BFRP) simply-supported 
concrete slabs in flexure (Table 2.1). The authors found that the combined shear-
flexural failure was the dominant failure mode in all of the tested slabs. Moreover, 
ISIS–M03–07 (ISIS, 2007) and CSA S806-02 (CSA, 2002) reasonably predicted the 
deflections of the tested slabs.  
Ovitigala and Issa (2013) investigated the flexural behavior of normal weight 
(NW) and light weight (LW) concrete beams reinforced with BFRP bars (Table 2.1). 
The authors concluded that, for both types of specimens, increasing the reinforcement 
ratio could overcome the serviceability problem of the FRP-RC elements. The 
experimental moment capacities were in good agreement with the theoretical values 
calculated as per the ACI 440.1R-06 (ACI, 2006) provisions. They also found that 
midspan deflections of the BFRP-reinforced specimens were greater than that of their 
steel-reinforced counterparts at the initial stage of loading. This was attributed to the 
reduced modulus of elasticity of the BFRP bars compared to that of steel bars. 
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Teixeira et al. (2013) tested eight concrete beams in flexure (Table 2.1). The 
beams were divided into two groups: under-reinforced and over-reinforced beams. 
Each group consisted of two beams reinforced with steel bars and two beams 
reinforced with GFRP bars. The test results showed that the over-reinforced GFRP 
beams experienced lower ultimate capacities compared to those reinforced with steel 
bars. This was attributed to the loss of bond between the GFRP bars and the 
surrounding concrete. 
Pawłowski and Szumigała (2015) tested three simply-supported concrete 
beams reinforced with BFRP bars. The reinforcement ratio was the investigated 
parameter. A numerical analysis was also conducted using the commercial finite 
element package ABAQUS®. The damage plasticity model was adopted in modeling 
the concrete considering the tension stiffening effect. The BFRP reinforcement was 
assumed to have a linear-elastic stress-strain isotropic response while the steel 
reinforcement was assumed as a linear elastic-plastic with isotropic hardening.  The 
tested beams showed an almost linear deflection response up to failure. The developed 
numerical models were able to predict the flexural response of the simply supported 













Failure mode and/or 



















𝑏 = 130 
ℎ = 180 
𝑙  = 1800 
𝑑 = 150 
𝑐 = 20 
53.1 
𝐴𝑓 = 237.6 mm
2 
(2 ∅ 12.3) 
 
𝜌𝑓 = 1.16 % 
1 layer 
GFRP bars 
𝐸𝑓  = 38 GPa 
𝑓𝑓𝑢 = 773 MPa 
Mode of Failure: 
SH, SH-CC 
Ultimate load: 
87.6, 80 kN 
57.2 
𝐴𝑓 = 237.6 mm
2 
(2 ∅ 12.3) 
 
𝜌𝑓 = 1.16 % 
Mode of Failure: 
CC, CC 
Ultimate load: 
78.8, 82.8 kN 
97.4 
𝐴𝑓 = 237.6 mm
2 
(2 ∅ 12.3) 
𝜌𝑓 = 1.16 % 
Mode of Failure: 
CC, SF 
Ultimate load: 
90.8, 94 kN 
53.9 
𝐴𝑓 = 475 mm
2 
(4 ∅ 12.3) 
 
𝜌𝑓 = 2.77 % 
2 layers 
Mode of Failure: 
SF, CC 
Ultimate load: 
89.6, 82.4 kN 
46.2 
𝐴𝑓 = 475 mm
2 
(4 ∅ 12.3) 
 
𝜌𝑓 = 2.77 % 
Mode of Failure: 
CC, CC 
Ultimate load: 
84, 85.6 kN 
93.5 
𝐴𝑓 = 475 mm
2 
(4 ∅ 12.3) 
 
𝜌𝑓 = 2.77 % 
Mode of Failure: 
CC, CC 
Ultimate load: 
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2 - Amount of GFRP 
Beam 
R-Sec 
b = 200 
h = 300 
l = 2750 
ctop = 50 
cbot = 50 
26 




ρf = 1.98% 
2 layers 
GFRP bars 
E= 38.7 GPa 





Af = 380 mm
2 
(3 ∅ 12.7) 
 
ρf = 0.7% 
1 layer 
GFRP bars 
E= 44.2 GPa 






2 - Amount of BFRP 
Slab 
R-Sec 
b = 500 
h = 150 
l = 2000 
ctop = 25 
cbot = 25 
55 




ρf = 0.63% 
1 layer 
BFRP bars  
Ef = 50 GPa 
ft = 1350 MPa 
ɛfu = 2.70% 









ρf = 0.24% 
BFRP bars  
Ef = 50 GPa 
ft = 1250 MPa 
ɛfu = 2.50% 







- Amount of BFRP 




b = 200 
h = 300 
l = 3300 
ctop = 25 
cbot = 25 
44.8 
Af = 103 mm
2 
(2∅8) 
ρf = 0.19% 
1 layer 
BFRP bars 
Ef = 53 GPa 
ft = 1110 MPa 
ɛfu = 2.12% 




Af = 155 mm
2 
(3∅8) 
ρf = 0.29% 


















Failure mode and 













- Amount of BFRP 




b = 200 
h = 300 
l = 3300 
c = 25 
44.8 
Af = 157 mm
2 
(2∅10) 
ρf = 0.26 % 
1 layer 
BFRP bars 
Ef = 55.3GPa 
ft = 1120 MPa 
ɛfu = 2.03% 




Af = 235 mm
2 
(3∅10) 
ρf = 0.4 % 





As = 402 mm
2 
(2∅16) 
ρs = 0.67 % 
Steel bars 
NA 





As = 398 mm
2 
(3∅13) 
ρs = 0.66% 





As = 604 mm
2 
(3∅16) 
ρs = 1.0 % 


















Failure mode and 













- Amount of BFRP 




b = 200 
h = 300 
l = 3000 
    c = 25 
35.8 
Af = 213 mm
2 
(3∅10) 
ρf = 0.40% 
 
Af = 284 mm
2 
(4∅10) 




Ef = 55.3 GPa 
ft = 1120 MPa 
ɛfu = 2.03% 
Mode of Failure: 
CC 
Ultimate load: 
100,105  kN 
Af = 258 mm
2 
(2∅13) 
ρf = 0.48 % 
 
Af = 387 mm
2 
(3∅13) 
ρf = 0.72 % 
 
BFRP bars 
Ef = 52.5 GPa 
ft = 1080 MPa 
ɛfu = 2.06% 
Mode of Failure: 
CC 
Ultimate load: 
97, 118  kN 
Af = 400 mm
2 
(2∅16) 
ρf = 0.75% 
 
Af = 600 mm
2 
(3∅16) 
ρf = 1.13% 
 
BFRP bars 
Ef = 53.6 GPa 
ft = 1110 MPa 
ɛfu = 2.14% 
Mode of Failure: 
CC 
Ultimate load: 
125, 160  kN 
Af = 1019 mm
2 
(2∅25) 
ρf = 1.95% 
 
Af = 1529 mm
2 
(3∅25) 
ρf = 2.93% 
 
BFRP bars 
Ef = 50.05 GPa 
Mode of Failure: 
CC 
Ultimate load: 
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b = 150 
h = 150 
l = 1500 
     c = 15 
42.1 
As = 235 mm
2 
(3∅10) 




E = 210 GPa 
fy = 600 MPa 
Mode of Failure: 
CC, SF 
Ultimate load: 
75.0, 70.7 kN 
As = 214 mm
2 
(3∅9.53) 
ρs = 0.35 % 
1 layer 
GFRP bars 
Ef = 51 GPa 
ft = 768 MPa 
Mode of Failure: 
CC, CC 
Ultimate load: 
74.7, 70.1 kN 
As = 392.6 mm
2 
(5∅10) 




E = 210 GPa 
fy = 600 MPa 
Mode of Failure: 
CC, CC 
Ultimate load: 
93.0, 104.1 kN 
As = 356 mm
2 
(5∅9.5) 
ρs = 1.58 % 
2 layers 
GFRP bars 
Ef = 51 GPa 
ft = 768 MPa 
Mode of Failure: 
CC, CC 
Ultimate load: 





3 -Reinforcement ratio 
Beam 
R-Sec 
b = 200 
h = 300 
l = 3020 




ρ = 0.19 % 
1 layer 
BFRP bars 
Ef = 52.8 GPa 
ft = 1185 MPa 






ρ = 0.32 % 
BFRP bars 
Ef = 56.3 GPa 
ft = 1485 MPa 
Mode of Failure: 
BR, CC 
Ultimate load: 
85.9 kN  
(5∅9) 
 
ρ = 0.54 % 
BFRP bars 
Ef = 56.3 GPa 
ft = 1485 MPa 





R-sec: rectangular section, 𝒃: width of the beam/slab, 𝒉: height of beam/slab, 𝒍: span 
length, 𝒅 = depth from compression fiber to tension steel, 𝒄 = concrete cover 
Failure modes: 






2.2.2 Hybrid-reinforced Specimens  
It has been established that the use of FRP bars compromises the ductility of 
the RC elements and limits their rotational capacity due to the linear-elastic behavior 
of the FRP materials. Therefore, the use of hybrid reinforcement (FRP and steel bars) 
has been suggested to improve the ductility and the serviceability of the FRP-
reinforced structures. 
Aiello and Ombres (2002) studied the structural behavior of concrete beams 
reinforced with hybrid reinforcement (Table 2.2). The beams were constructed such 
that the aramid-FRP (AFRP) bars were located near the outer surface of the tension 
zone below the steel reinforcing bars. This combination was provided to protect the 
steel bars from corrosion. The test results indicated that the use of steel reinforcement 
in combination with FRP reinforcement increased the deformability of the beam. The 
authors reported an increase in stiffness in the hybrid-reinforced beams and a decrease 
in the spacing and width of cracks. 
Leung and Balendran (2003) conducted an experimental study on the flexural 
behavior of RC beams reinforced with hybrid (GFRP and steel) bars (Table 2.2). The 
authors found that for the same concrete strength, the steel-reinforced beams exhibited 
a horizontal post-yielding load-deflection response (plateau) (specimen L0 in Figure 2.1), 
while the hybrid reinforcement in specimens L2 and L5 showed an additional load-
carrying capacity as shown in Figure 2.1. Moreover, a large number of cracks was observed 





Figure 2.1: Load-deflection response of under-reinforced specimens (Leung and 
Balendran, 2003) 
Figure 2.1: Load-deflection response of under-reinforced specimens 
Qu et al. (2009) investigated the flexural behavior of concrete beams reinforced 
with hybrid GFRP and steel bars (Table 2.2). Eight beams, including two steel-
reinforced beams that acted as control and two GFRP-reinforced beams were tested. 
An analytical model was implemented to predict the flexural response of the tested 
specimens. From the test results, it was concluded that hybrid GFRP-steel reinforced 
beams exhibited larger ductility, enhanced serviceability, and higher load capacity than 
all of the other specimens. The authors employed the model proposed by (Nayal and 
Rasheed, 2006) to account for the tension stiffening of concrete. The developed 
theoretical load-deflection relationship was in good agreement with the experimental 
results. 
Lau and Pam (2010) tested 12 beams that include unreinforced (plain) concrete 
beams, steel-reinforced beams, FRP-reinforced beams, and hybrid GFRP-steel 
reinforced beams (Table 2.2). In addition to the diffident types of reinforcement, the 
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beams were reinforced in shear with either 90o or 135o hook stirrups. The test results 
concluded that adding steel bars to the GFRP bars significantly enhanced the ductility 
of the beams. Enhanced ductility was also achieved when the 135o hook stirrups were 
used in the GFRP-reinforced beams. This was attributed to the excellent confinement 
that the stirrups provided to the concrete core and to the reinforcement. The test results 
confirmed that the minimum FRP reinforcement recommended by the ACI 440.1R-06 
committee (ACI, 2006) could be reduced by 25%. 
Elsayed et al. (2011) investigated the enhancement in ductility of the concrete 
beams reinforced with GFRP bars (Table 2.2). The authors tested nine beams 
reinforced with locally produced hybrid (AFRP-GFRP) and (CFRP-GFRP) bars with 
different fiber ratios as given in Table 2.2. Some of the test specimens were reinforced 
with anchored FRP bars as shown in Figures 2.2 and 2.3. The test results revealed that 
anchoring FRP bars had guaranteed the stress transfer between the concrete and the 
bars. Beams reinforced with AFRP-GFRP bars in the ratio of 17–44.5%, respectively, 
showed an ultimate load 37% higher than that of the GFRP-reinforced beam. It was 
also reported that beams reinforced with hybrid FRP bars exhibited 69-86% of the 
ductility experienced by the control steel-reinforced specimen based on the energy 
model adopted. This range was 81-93% when deflection model was adopted. 
 
Figure 2.2: Schematic details of the anchorage system used in (Elsayed et al., 2011) 
Figure 2.2: Schematic details of the anchorage system used 
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Figure 2.3: Bars with (a) two, (b) three, and (c) five anchors. (Elsayed et al., 2011) 
Figure 2.3: Bars with (a) two, (b) three, and (c) five anchors 
Rafi and Nadjai (2011) investigated the flexural performance of RC beams 
reinforced with CFRP and hybrid (CFRP-steel) bars at elevated temperatures 
(Table 2.2). Over-reinforced beams were tested under four-point load configuration in 
a furnace. The applied load was 40% of the nominal load capacity of the beams. All 
of the tested beams failed in flexure. The authors found that despite the loss of the 
polymer resin at elevated temperatures, the sufficient end anchorage was a significant 
factor that maintained the strength and stiffness of the FRP-reinforced beams. Hybrid-
reinforced beams showed better strength and stiffness than those of steel- or FRP-
reinforced beams. Hybrid-reinforced beams with one layer of bars showed better 
ductility than that with 2-layers of CFRP bars, with the later showing higher capacity. 
Ge et al. (2015) performed different tests to evaluate the behavior of concrete 
elements reinforced with either BFRP or hybrid steel-BFRP bars. The study included 
tensile, standard pull-out, and static flexural tests.  The pull-out test results showed 
that the BFRP bars had bond strength comparable to that of steel bars.  The researchers 
proposed simplified formulas to predict the flexural strength of the hybrid-reinforced 
simply-supported beams.  Predictions of the proposed formulas were in good 
agreement with the experimental results. Hybrid-reinforced specimens exhibited 
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improved stiffness, less deflection, and smaller crack spacing compared with those of 
a control specimen reinforced with BFRP bars only.  
  
 





















6 -Reinforcement ratio 
Beam 
R-sec 
𝑏 = 150 
ℎ = 200 
𝑙  = 2700 
𝑑 = 175 
𝑐 = 25 
45.7 






fy= 465 MPa 
E=200 GPa 
 
AFRP  bars 
Ef= 49-50 GPa 
𝑓𝑢 = 1366-1674 MPa 













 (2 ∅ 7.5 + 2 ∅ 8) 
 
AFRP + Steel 
2 layers 
 
    layer #1=2 AFRP 
    layer #2= 2 steel 




 (2 ∅ 10 + 2 ∅ 8) 
 




layer #1= 2 AFRP 
   layer #2= 2 steel 




 (3 ∅ 10 + 2 ∅ 12) 
 
AFRP + Steel  
2 layer 
 
layer #1= 3 AFRP 
   layer #2= 2 steel 




 (2 ∅ 7.5 + 2 ∅ 8) 
 
AFRP + Steel  
1 layer 






































𝑏 = 150 
ℎ = 200 
𝑙  = 2200 
𝑑 = 160 
𝑐 = 40 
28.5 





Steel bars only 
fy= 460 MPa 
E=200 GPa 
 
GFRP  bars 
Ef= 40.8 GPa 
𝑓𝑢 = 760 MPa 









Mode of Failure: 
Slippage and bond loss 
Ultimate load: 
34.2 kN 
𝐴  = 298.84 mm2 
Steel + GFRP 
Over-reinforced 
2 layers 
layer #1= 2 GFRP 
   layer #2= 2 steel 




𝐴  = 369.72 mm2 
Steel + GFRP 
Over-reinforced 
2 layers 
  layer #1= 3 GFRP 
    layer #2= 2 steel 













𝐴𝑠 = 298.84 mm
2 
Steel + GFRP 
Over-reinforced 
2 layers 
layer #1= 2 GFRP 
   layer #2= 2 steel 





𝐴𝑠 = 369.72 mm
2 




layer #1= 3 GFRP 
   layer #2= 2 steel 


































-Ratio of GFRP to steel 
Beam 
R-sec 
𝑏 = 180 
ℎ = 250 
𝑙  = 1800 
𝑑 = 220 
𝑐 = 30 
30.95 




fy= 336-363 MPa 
 
GFRP  bars 
Ef= 37-45 GPa 
𝑓𝑢 = 755-782 MPa 





 (4 ∅ 12.7) 
GFRP 
 






(2 ∅ 12 + 2 ∅ 12.7) 
Steel + GFRP 
 






(1 ∅ 16 + 2 ∅ 15.9) 
Steel + GFRP 






 (2 ∅ 16 + 2 ∅ 9.5) 
Steel + GFRP 






(2 ∅ 16 + 2 ∅ 12.7) 
Steel + GFRP 






 (1 ∅ 12 + 2 ∅ 9.5) 
Steel + GFRP 






(2 ∅ 16 + 2 ∅ 15.9) 
Steel + GFRP 
 




































𝑏 = 280 
ℎ = 380 
𝑙  = 4200 
𝑐 = 20 
32-41 
 
(4 ∅ 20) Steel  
 
(4 ∅ 16) GFRP  
 
(2 ∅ 25 + 1 ∅ 19) 
Steel + GFRP 
1 layer 
Steel  bars 
𝑓𝑦 = 240-520 MPa 
 
GFRP  bars 
𝐸𝑓 = 40 MPa 
𝑓𝑓𝑢 = 582-603 MPa 
 








(4 ∅ 25) Steel 
 
(4 ∅ 25) GFRP 
 
 (2 ∅ 20 + 2 ∅ 25) 
Steel + GFRP 
 
 (2 ∅ 25 + 2 ∅ 19) 
Steel + GFRP 
 









 (3 ∅ 12) GFRP 
  
(4 ∅ 12) GFRP 
 
(2 ∅ 12) Steel 
 
(-) Plain concrete 
 








-Hook angle on ductility 
 





Ductility enhancement of 77% 































No. of anchors 
Beam 
R-sec 
𝑏 = 150 
ℎ = 300 
𝑙  = 1900 
25 
 (2 ∅ 10) 
 










𝐴  = 113.49 mm2 




B=GFRP without anchorage 
 
C=GFRP with two anchorages 
 
D=GFRP with three anchorages 
 













𝐴  = 113.49 mm2 
(2 ∅ 8.5) 
 
Hybrid 
Hybrid with two anchorage: 
 
F= 52.6% glass + 9% aramid 
 
G= 44.5% glass + 17% aramid 
 
H= 50.4% glass + 10.6% carbon 
 














































𝑏 = 120 
ℎ = 200 
𝑙  = 2000 
𝑐 = 20 
30.45 
 
𝐴𝑠 = 157.07 mm
2 





Steel  bars 
𝑓𝑦 = 421-566 MPa 
CFRP bars 
𝐸𝑓  = 135 GPa 
𝑓𝑓𝑢 = 1676 MPa 




𝐴𝑓 = 141.76 mm
2 








𝐴  = 141.76 mm2 








𝐴  = 298.83 mm2 
(2 ∅ 9.5) CFRP 
(2 ∅ 10) Steel 
 
2 layers: 
layer #1 CFRP 
      layer #2 Steel 
Mode of Failure: 
SY 
31.32 
𝐴  = 298.83 mm2 
(2 ∅ 10) Steel 
(2 ∅ 9.5) CFRP 
2 layers 
layer #1 Steel 
  layer #2 CFRP 
Mode of Failure: 
SY 
35.87 
𝐴𝑓 = 283.52 mm
2 
(2 ∅ 9.5) CFRP 
(2 ∅ 9.5) CFRP 
2 layers of CFRP 
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𝑏 = 200 
ℎ = 300 
𝑙  = 2500 
𝑐 = 23 
28.1 






Steel  bars 
𝑓𝑦 = 360 MPa 
𝐸𝑠  = 200 GPa 
 
BFRP bars 
𝐸𝑓  = 55 GPa 










(4 ∅ 10) 
Steel 
 




(5 ∅ 10) 
Steel 
 




(6 ∅ 10) 
Steel 
 





R-sec: rectangular section, 𝒃: width of the beam/slab, 𝒉: height of beam/slab,𝒍: span 
length, 𝒅 = depth from compression fiber to tension steel, 𝒄 = concrete cover 
Failure modes: 
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2.3  Continuous FRP/Hybrid Structures  
Continuous RC elements are commonly used in construction. The flexural 
behavior of continuous RC structures is complex compared to that of the simply-
supported elements due to the load redistribution between the hogging and the sagging 
regions. Although the behavior of continuous steel-reinforced elements has been 
thoroughly investigated, the behavior of FRP-reinforced or hybrid-reinforced 
continuous elements has received little attention, which makes the use of FRP bars in 
continuous RC structures questionable. 
A few research studies were devoted to investigate the behavior of continuous 
RC elements reinforced with FRP bars. Details of some of these studies are given in 
Table 2.3. 
Habeeb and Ashour (2008) investigated the use of GFRP bars as longitudinal 
reinforcement in three continuous concrete beams having three different GFRP 
reinforcement ratios (Table 2.3). A steel-reinforced concrete beam was also tested as 
control. The study reported on the failure modes, the crack patterns, the load capacity, 
the load redistribution, and the deflections of the beams. The ACI 440.1R-06 equations 
(ACI, 2006) that predict the capacities and deflections of FRP-reinforced beams were 
assessed against the obtained test results. The authors concluded that over-reinforcing 
continuous GFRP-reinforced beams could significantly improve its load-carrying 
capacity. Moreover, increasing the GFRP reinforcement ratio decreased the 
propagation and the width of cracks. As a result, midspan deflections were enhanced. 
The authors reported that the ACI 440.1R-06 equations (ACI, 2006) reasonably 
predicted the capacity and deflection of the beams. 
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El-Mogy et al. (2010) tested four rectangular continuous RC beams under 
monotonic loading (Table 2.3). Two beams were reinforced with GFRP bars, one beam 
was reinforced with CFRP bars, and the fourth beam was reinforced with steel bars 
and acted as control. The test results showed that providing sufficient GFRP 
reinforcement in the sagging regions allowed for moment redistribution and effectively 
reduced the midspan deflections with no noticeable improvement in the load-carrying 
capacity of the beam. The authors reported that the CSA S806-02 equations (CSA, 
2002) could reasonably predict the load-carrying capacity of the tested beams.  
(El-Mogy et al., 2011) tested seven full-scale continuous concrete beams of 
which six beams were reinforced with GFRP bars and one was reinforced with 
conventional steel reinforcing bars (control specimen) (Table 2.3). Both steel and 
GFRP stirrups were used as transverse reinforcement. The study investigated the effect 
of the amount, spacing, and material of the used stirrups on the flexural behavior of 
the FRP-reinforced continuous beams. In addition, an assessment of the CSA S806-02 
equations (CSA, 2002) that predict the load-carrying capacity and deflections of FRP-
reinforced concrete beams was carried out. The experimental results showed that the 
beams reinforced with GFRP stirrups had similar performance to that reinforced with 
steel stirrups in terms of load-carrying capacity and deflections. The type of stirrups 
did not affect the flexural response of the beams. However, increasing the amount of 
GFRP stirrups led to wider cracks and hence led to excessive deflections. The CSA 
S806-02 equations (CSA, 2002) could effectively predict the load-carrying capacities 
of the beams. 
Mahroug et al. (2013) studied different combinations of under- and over- 
BFRP-reinforced slabs (Table 2.3). Four continuous- and two simply-supported 
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concrete slabs reinforced with BFRP bars were tested in flexure up to failure. The 
authors reported that the continuous BFRP-reinforced slabs exhibited larger 
deflections and wider cracks than the control steel specimen. Specimens that were 
over-reinforced in the hogging and sagging regions exhibited the highest load-carrying 
capacity and the least midspan deflections. It was also concluded that the models 
recommended by ISIS–M03–07 guidelines (ISIS, 2007) and CSA S806-02 (CSA, 
2002) reasonably predicted the deflections of the tested slabs. On the other hand, the 
ACI 440.1R-06 equations (ACI, 2006) underestimated the deflections of the 
continuous slabs and overestimated the moment capacity in most of the continuous 










Concrete Tension steel Reinforcement system 













4 -Reinforcement amount R-Sec beams 
b = 200 
h = 300 
l = 5500 
ls = 2750 
ctop = 50 






1 layer 1 layer 
Steel bars 
Es = 200 GPa 
fy =  511 MPa 









1 layer 2 layers 
GFRP (12.7) 
Ef = 44.2 GPa 
fu =  605 MPa 
ɛf  = 0.015 
 
GFRP (15.9) 
Ef = 38.7 GPa 
fu =  703 MPa 
ɛfu  = 0.018 









2 layers 1 layer 









2 layers 2 layers 






4 -Reinforcement amount R-Sec beams 
b = 200 
h = 300 
l = 6000 
ls = 2800 
ctop = 50 






1 layer 1 layer 
Steel bars 
Es = 200 GPa 
fy = 485 MPa 









Ef = 46 GPa 
fu = 731 MPa 
ɛfu = 0.016 
 
CFRP bars 
Ef = 116 GPa 
ffu = 1388 MPa 
ɛfu = 0.012 
































Concrete Tension steel Reinforcement system 













- Reinforcement amount 
-Spacing of stirrups 
R-Sec beams 
b = 200 
h = 300 
l = 6000 
ls = 2800 
ctop = 50 












1 layer 1 layer 
Steel bars 
Es = 200 GPa 
fy = 485 MPa  
 
Steel stirrups 
Es = 200 GPa 
fy = 300 MPa 
 
GFRP bars 
Ef = 46 GPa 
ffu = 731 MPa 
ɛfu = 0.016 
 
GFRP stirrups 
Ef = 45 GPa 
ffu = 512 MPa 
ɛfu = 0.016 
























































































2 layers 1 layer 
















Concrete Tension steel Reinforcement system 












5 - Reinforcement amount R-Sec slabs 
b = 500 
h = 150 
l = 2000 
ctop = 25 






1 layer 1 layer 
Steel bars 
Es = 200 GPa 
fy =  645 MPa 
 
GFRP (8) 
Ef = 50 GPa 
fu =  1250 MPa 
ɛf  = 0.025 
 
GFRP (10) 
Ef = 50 GPa 
fu =  1350 MPa 
ɛf  = 0.027 







































R-sec: rectangular section, 𝒃: width of the beam/slab, 𝒉: height of beam/slab,𝒍: span length, 𝒅 = 
depth from compression fiber to tension steel, 𝒄 = concrete cover, * cube compressive strength 
Failure modes: 










2.4 Conclusions based on previous research 
A survey of the previous studies that were carried out on the flexural 
performance of RC elements reinforced with FRP and hybrid (FRP-steel) bars was 
conducted. The most significant parameters recognized to affect the behavior of these 
elements were presented. The studies were categorized based on the structural system 
of the specimens (i.e. simply-supported specimens and continuous specimens) and the 
type of reinforcement regime (FRP or hybrid). From the presented literature survey, 
the following points can be concluded: 
 The type of FRP reinforcing bars has a significant effect on the flexural 
performance of the concrete element due to the variation of the mechanical 
properties of each type of bars. 
 The provisions of the available standards such as the CSA S806-02 (CSA, 2002) 
and the ACI 440.1R-06 (ACI, 2006) reasonably predict the response of the 
simply-supported FRP-reinforced concrete elements. However, the ACI 
440.1R-06 equations (ACI, 2006) overestimates the capacity and 
underestimates the deflections of the FRP-reinforced concrete elements. 
 The serviceability of FRP-reinforced concrete structures can be improved using 
hybrid reinforcement to reduce crack widths and spacing. 
 The type of transverse reinforcement has insignificant effect on the flexural 
response of the FRP-reinforced beams. Nevertheless, increasing the amount of 
transverse reinforcement and/or using stirrups with 135o hook provides 





 The tests performed revealed that moment redistribution between critical 
sections in continuous FRP-reinforced concrete structures is possible. However, 
moment redistribution is prohibited according to the ACI 440.1R-06 provisions 
(ACI, 2006). 
 There is a noticeable lack of studies on the flexural response of continuous 
concrete elements reinforced with FRP bars. Hence, moment redistribution 
between critical sections in continuous FRP-reinforced concrete structures has 
never been quantified. 
 Among the few studies that studied the flexural performance of continuous 
FRP-reinforced elements, a very limited number of studies reported on the use 
of BFRP bars in such elements.  
 None of the previous studies has investigated the flexural response of 
continuous beams reinforced with hybrid (FRP-steel) bars. Consequently, the 
effect of using hybrid reinforcement on the moment redistribution between 
critical sections has never been determined.  
 None of the previous studies has developed a numerical model that is capable 
of simulating the flexural response of continuous FRP- or hybrid-reinforced 
elements. 
2.5 Research Significance and Objectives 
The widespread use of FRP bars in construction minimizes the consequences 
of steel corrosion and protect substantial investments in concrete infrastructure by 
extending the service life and reducing the maintenance cost of the structure. To date, 




structures reinforced with FRP bars. There is also lack of knowledge on the appropriate 
modelling, designing, and detailing of such continuous structures. 
The proposed research aims to investigate the nonlinear flexural behavior of 
two-span continuous concrete elements internally-reinforced with BFRP bars only or 
hybrid steel-BFRP bars. The test results obtained in this study are anticipated to assist 
structural engineers and design practitioners better understand the response of 
continuous concrete structures partially or fully reinforced with FRP bars in general, 
and with BFRP bars in particular. A finite element (FE) model is developed to predict 
the performance of continuous concrete elements internally-reinforced with FRP and 
hybrid reinforcement. The specific objectives of the current study can be summarized 
in the following points: 
1. To quantify the moment redistribution in continuous RC structures internally-
reinforced with BFRP reinforcing bars.  
2. To study the effect of varying the BFRP reinforcement ratio between the sagging 
and hogging regions on the load capacity, serviceability, and moment 
redistribution in the continuous RC structures. 
3. To investigate the serviceability and moment redistribution in continuous RC 
structures when hybrid (steel-BFRP) reinforcement is used.  
4. To develop a 3D finite element model that is capable to simulate the flexural 





Chapter 3: Experimental Program 
3.1 Introduction 
This chapter presents the test details of twelve reinforced concrete (RC) 
continuous specimens reinforced with different ratios of basalt fiber-reinforced 
polymers (BFRP) and hybrid (steel-BFRP) reinforcing bars in both the sagging and 
the hogging regions. The main variables of the test program were the amount of 
reinforcement in the sagging region, the hogging-to-sagging nominal capacity ratio, 
the hogging-to-sagging reinforcement ratio, and the type of reinforcement used (BFRP 
and hybrid bars). The test program consisted of four groups of specimens, two of which 
were over-reinforced (groups [A] and [C]) while the other two groups ([B] and [D]) 
were under-reinforced. The test parameters are explained and discussed in this chapter. 
The specimens were fabricated and tested in the concrete and structural laboratories of 
the United Arab Emirates University (UAEU). 
3.2 Test Program  
The test program comprised testing of twelve two-span continuous RC 
specimens. The specimens were divided into four groups [A], [B], [C], and [D] based 
on the type and amount of reinforcement in the hogging and the sagging regions. The 







Table 3.1: Test matrix 
Specimen 




Hogging Sagging Hogging Sagging 
Over-reinforced group A: BFRP reinforcement  
A1 110 + 212 210 + 412 - - 0.75 
A2 28 + 312 210 + 412 - - 0.85 
A3 210 + 412 210 + 412 - - 1 
Under-reinforced group B: BFRP reinforcement 
B1 28 18 + 210 - - 0.50 
B2 38 18 + 210 - - 0.75 
B3 18 + 210 18 + 210 - - 1 
Over-reinforced group C: Hybrid reinforcement  
C1 28 + 110 1 + 312 212 212 0.75 
C2 28 + 210 1 + 312 212 212 0.85 
C3 1 + 312 1 + 312 212 212 1 
Under-reinforced group D: Hybrid reinforcement 
D1 18 38 28 28 0.50 
D2 28 38 28 28 0.75 
D3 38 38 28 28 1 
 a Hogging-to-sagging 
3.2.1 Over-Reinforced RC Specimens 
Over-reinforced RC specimens included three specimens reinforced only with 
BFRP bars (group [A]) and three hybrid-reinforced specimens (group [C]). Specimens 
of group [A] were internally-reinforced with BFRP reinforcing bars in the hogging and 
sagging regions. Specimens were identical in geometry and were reinforced in the 
sagging region by 2 No. 10 and 4 No. 12 BFRP bars. The sagging reinforcement ratio 
corresponded to 3.2bal, where bal is the BFRP balanced reinforcement ratio. The 




corresponded to hogging-to-sagging nominal capacity ratios of 0.75, 0.85, and 1 for 
specimens A1, A2, and A3, respectively. 
The nominal moment capacity of the sagging and hogging sections in 
specimens of group [C] were similar those of their counterpart specimens of group 
[A]. However, specimens of group [C] were reinforced with hybrid (BFRP and steel) 
bars. The reinforcement in the sagging regions of all specimens consisted of 1 No. 10 
and 3 No. 12 BFRP bars in addition to 2 No. 12 steel bars. The hogging regions of 
specimens C1 and C2 were reinforced with 2 No. 8 + 1 No. 10 in addition to 2 No. 12 
steel bars whereas the hogging region of specimen C3 was reinforced with 1 No. 10 
and 3 No. 12 BFRP bars in addition to 2 No. 12 steel bars. . 
3.2.2 Under-Reinforced RC Specimens 
Under-reinforced RC groups consisted of three specimens reinforced with 
BFRP bars only (group [B]) and three specimens reinforced with hybrid (BFRP and 
steel) bars (group [D]). 
Specimens of group [B] were reinforced with 1 No. 8 + 2 No. 10 BFRP bars in 
the sagging regions, which corresponded to a BFRP reinforcement ratio of 0.95bal. 
Similar reinforcement was provided in both hogging and sagging regions of specimen 
B3 while specimens B1 and B2 were reinforced with 2 No. 8 and 3 No. 8 BFRP bars, 
respectively, in the hogging regions. Similar to specimens of group [A], the hogging-
to-sagging reinforcement ratios were approximately 0.5, 0.75, and 1 for specimens B1, 
B2, and B3, respectively.  
Group [D] consisted of three hybrid under-reinforced specimens. These 




of their counterpart specimens of group [B]. All specimens were reinforced with 3 No. 
8 BFRP bars in the sagging regions in addition of 2 No. 8 steel bars, whereas the 
hogging regions were reinforced with 1 No. 8, 2 No. 8, and 3 No. 8 BFRP bars in 
specimens D1, D2, and D3, respectively, in addition of 2 No. 8 steel bars. The 
reinforcement and concrete cross-section details are illustrated by Figure 3.1. 
  
                   A1                    C1 
  
                   A2                    C2 
  
                   A3                    C3 
  





                   B2                  D2 
  
                   B3                  D3 
Figure 3.1: Concrete dimensions and reinforcement details  
(All dimensions are in mm) 
3.3 Test specimens 
All specimens had identical dimensions. Specimens were 200 mm deep, 500 mm wide, 
and 5000 mm long. Figure 3.2 shows a typical test specimen with longitudinal 
reinforcement dimensions. The hogging reinforcement in all specimens had a length 
of 1600 mm and placed symmetrically about the central support. The length of the 
reinforcement in the hogging region corresponded to one-third of the span length as 
recommended by the ACI 318-14 (ACI, 2014). The sagging reinforcing bars were 
2395 mm in length and placed at 15 mm from the edge of the specimen and 90 mm 





Figure 3.2: Test specimens concrete and reinforcement dimensions  
All of the test specimens were heavily reinforced in shear to prevent shear 
failure and to ensure a flexural behavior until ultimate. The shear reinforcement in all 
specimens consisted of 8 mm diameter double-leg deformed steel stirrups spaced at 50 
mm. The stirrups had bottom, top, and side clear concrete cover of 15 mm. 
3.4 Specimens Fabrication 
The longitudinal reinforcement bars were first cut to the desired lengths. The 
stirrups were then cut and bent. The steel cages were assembled and placed in the 
wooden forms as shown in Figure 3.3 (a) and (b).  Mortar blocks were used to provide 
a clear concrete cover of 15 mm. Two batches of concrete supplied by a local ready-
mix plant were used to cast the specimens. Each cast included six specimens. After 
casting, the specimens were covered with wet burlap and polyethylene sheets for 28 
days. The specimens were sprayed with tap water one time a day. Figure 3.4 





(a) Fabricated steel cages (b) Steel cages inside the forms 
Figure 3.3:  Steel cages and wooden forms 
   
Concrete casting (b) Vibration of concrete (c) Concrete curing 
Figure 3.4: Casting and curing process 
Prior to casting, the reinforcement in the sagging and hogging regions were 
instrumented by strain gauges at the location of the applied point loads and over the 
middle support, respectively. The surface of the reinforcing bars was first ground. A 
strong adhesive was used to bond the strain gauge to the bar surface as shown in 
Figure 3.5(a). The strain gauges were protected using a coating tape, as recommended 
by the manufacturer, to avoid damage during concrete casting (Figure 3.5 (b)). Finally, 






(a) Strain gauge bonded to reinforcement (b) Protective coating of strain gauge 
Figure 3.5: Attachment of strain gauges to the flexural reinforcement 
3.5 Material Properties 
As previously mentioned, the concrete mix was supplied by a local ready-mix 
concrete plant (Cemix). Steel reinforcing bars were also acquired from the local 
market. The BFRP bars were obtained from Galen Composites.  
3.5.1 Concrete 
The concrete mix proportions by weight are given in Table 3.2. Type one 
Ordinary Portland cement was used in the concrete mix. The water-to-cement ratio 
was 0.4. Two nominal sizes of 10 mm and 20 mm coarse aggregates were used in the 
ratio of 38% and 62%, respectively. The fine aggregate was used in the percentages of 
29% dune sand and 71% crushed 5 mm sand. Ecocrete-1 admixture was added to the 
mix to improve its workability and to reduce the water-cement ratio. 
Table 3.2: Concrete mix  
Constituents Amount Unit 
Ordinary Portland cement  400 kg/m³ 
20 mm crushed 645 kg/m³ 
10 mm crushed 370 kg/m³ 
5 mm crushed sand 650 kg/m³ 
Dune sand 215 kg/m³ 




Five standard cylinders (150 mm in diameter and 300 mm in height) and five 
standard cubes (150 mm X 150 mm) were cast from each concrete batch. The cubes 
were used to evaluate the concrete compressive strength while the other five cylinders 
were used to evaluate the concrete splitting strength. The cylinders and cubes were 
subjected to the same curing condition as that of the test specimens. They were tested 
on the day of testing, which was approximately three months after concrete casting.  
The cube compressive strengths of specimens of groups [A] and [C] are given 
in Table 3.3. Splitting strength results of the same groups are given in Table 3.4. The 
cube compressive strength was 59.2 MPa whereas the splitting strength of the concrete 
was on average of 3.9 MPa. Tables 3.5 and 3.6 give the cube compressive strengths in 
addition to the splitting strength for groups [B] and [D] (second concrete batch), 
respectively. Test results showed 56.8 MPa and 4.2 MPa for the cube compressive 
strengths and concrete splitting strength, respectively. 
According to ACI 214R-11, for mixes of two different batches, with a cylinder 
compressive strength greater than 35 MPa, the condition of variation is considered 
excellent if the coefficient of variation, V, is less than 3.5%. The overall average 
compressive strength of the concrete used in the present study, X , was 58.1 MPa. 
The standard deviation of each batch was calculated using Eq. 3.1 and resulted in as  
of 1.63 MPa and bs of 0.85 MPa for the first and second batches, respectively. The 
pooled (joined) standard deviation, s , was 1.35 MPa (Eq. 3.2), where n is the number 
of samples tested for each batch. From Eq. 3.3, the coefficient of variation was found 
as 2.32% indicating an excellent condition of variation between the strengths of the 
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   Eq. 3.3 









1 22500 1365 60.67 
2 22500 1370 60.89 
3 22500 1340 59.56 
4 22500 1300 57.78 
5 22500 1290 57.33 
 









1 70686 288 4.07 
2 70686 278 3.93 
3 70686 272 3.85 
4 70686 265 3.75 
5 70686 265 3.75 
 









1 22500 1300 57.78 
2* 22500 1225 54.44 
3 22500 1285 57.11 
4 22500 1267 56.31 
5 22500 1257 55.87 













1* 70686 246 3.48 
2 70686 286 4.05 
3 70686 309 4.37 
4 70686 308 4.36 
5 70686 271 3.83 
* Excluded from the results 
3.5.2 BFRP Reinforcement 
The BFRP bars used in this study was manufactured by Galen Composites. The 
surface of the BFRP bar was sand-coated to improve the bond between the bars and 
the concrete as shown by Figure 3.6. Three nominal diameters namely, 8, 10, and 12 
mm, were used. Tensile tests were conducted on the bars to evaluate their mechanical 
properties. Three samples of each diameter were prepared and tested. The tensile test 
results are summarized in Table 3.7. The ultimate tensile strength of the 8, 10, and 12 
mm bars were on average of 1235, 1227, and 1230 MPa, respectively. The 
corresponding modulus of elasticity were 47.5, 46.1, and 46.2 GPa, respectively. 
 









Table 3.7: Mechanical properties of BFRP reinforcing bars 












(8 mm diameter) 
1 61.4 1221.3 47.5 
2 63.8 1269.8 46.1 
3 61.0 1213.8 48.8 
No. 10 
(10 mm diameter) 
1 100.6 1281.5 45.8 
2 96.4 1227.9 47.4 
3 92.1 1172.0 45.2 
No. 12 
(12 mm diameter) 
1 143.3 1267.4 46.0 
2 128.6 1137.4 46.6 
3 145.2 1283.7 46.1 
 
Immersion test was performed to evaluate the cross-sectional area of the 
reinforcing bars according to ACI 440.3R-12 (ACI, 2012). The immersion test results 
are shown in Table 3.8. The average cross sectional areas were 55.6 mm2, 80.3 mm2, 
and 125.0 mm2 for the 8, 10, and 12 mm bars, respectively.  
Table 3.8: Immersion test results for BFRP reinforcing bars 








(8 mm diameter) 
1 11 200 55.00 
2 11 195 56.41 
3 11 199 55.28 
No. 10 
(10 mm diameter) 
1 15 199 75.38 
2 16 200 80.00 
3 17 199 85.43 
No. 12 
(12 mm diameter) 
1 25 199 125.63 
2 26 201 129.35 
3 24 200 120.00 
 
It should be noted that the nominal diameters reported by the manufacturer 






3.5.3 Steel Reinforcing Bars 
The steel reinforcement used in the hybrid specimens consisted of No. 8 (8 mm 
diameter) and No. 12 (12 mm diameter) deformed bars. The stirrups in all specimens 
consisted of No. 8 bars. Three steel coupons were taken randomly from both bar sizes 
and then tested under uniaxial tension in a certified local laboratory. Tensile test results 
of the steel coupons are reported in Table 3.9. The average yield strengths for the No. 
8 and No. 12 bars were 554 MPa and 584 MPa, respectively. The corresponding 
ultimate tensile strengths were 630 MPa and 661 MPa, respectively.  
Table 3.9: Tensile test results of steel coupons 


















(8 mm diameter) 
1 529 606 
554 630 2 557 631 
3 576 653 
No. 12 
(12 mm diameter) 
1 586 663 
584 661 2 582 659 
3 583 662 
 
3.5.4 Test Setup and Instrumentation 
All specimens were tested to failure under displacement control at a rate of 1.5 
mm/min. The specimens were subjected to two point loads, located at 0.4 of the span 
length measured from the middle support. The load was applied using a MTS hydraulic 
actuator placed at the midpoint of the specimen. A spreader steel beam was used to 
distribute the load on the two spans. The test setup is shown in Figure 3.7. A schematic 
showing the test setup and instrumentation is shown in Figure 3.8.  
Each specimen had two equal spans of 2400 mm each. A 500 kN load cell was 




load. Another load cell was placed between the middle support and the soffit of the 
specimen to capture the middle support reaction. Two linear variable differential 
transducers (LVDTs) were used to record the deflections under the loading points. 
Concrete strains were measured by means of surface-mounted strain gauges attached 
to the extreme compression fiber of concrete under the point loads and at the central 
support. Crack widths were measured by means of clip transducers attached to the 
extreme tension fiber of concrete in both the sagging and hogging regions. Prior to 
installing the crack transducers, the load was first applied until the first visible crack 
appeared in both the sagging and hogging regions. The specimens were then unloaded 
and the transducers were installed at the location of cracks in the hogging and the 
sagging regions. A data logger manufactured by Tokyo Sokki Kenkyujo Co® was used 


































































Chapter 4: Experimental Results 
4.1 Introduction 
This chapter presents the experimental results of 12 continuous reinforced 
concrete (RC) specimens. Six specimens were internally-reinforced with basalt fiber-
reinforced polymer (BFRP) bars whereas six specimens were reinforced with BFRP 
together with steel bars (hybrid). Different measurements were recorded during all 
stages of testing. The results included load capacity, failure mode, deflection response, 
support reactions, load-moment relationship, moment redistribution, and crack width 
measurements. Different strain responses including those of concrete, BFRP, and steel 
reinforcement were also recorded and presented in this chapter. 
4.2 Test Results 
In this section, results of specimens over-reinforced with BFRP bars only or 
hybrid (BFRP and steel bars) are presented first. Subsequently, results of the 
specimens under-reinforced with either BFRP bars or both BFRP and steel bars are 
presented and compared. Over-reinforced RC specimens included those of groups [A] 
and [C] whereas under-reinforced RC specimens included those of groups [B] and [D]. 
4.2.1 Over-reinforced RC Specimens 
Over-reinforced specimens included three BFRP-reinforced specimens (group 
[A]) and three hybrid-reinforced specimens (group [C]). The nominal flexural capacity 
in the sagging region of specimens of groups [A] and [C] were similar. In each group, 
the hogging-to-sagging nominal capacity ratio was 0.75, 0.85, or 1. All specimens 




regions, unloaded, then loaded back to failure. This was done to allow the installation 
of clip gauges at the location of cracks. Installed clip gauges were used to record the 
increase in crack width as the load progressed during reloading the specimen back to 
failure. 
4.2.1.1 Load Capacity 
Table 4.1 presents magnitudes of the cracking and ultimate loads for specimens 
of groups [A] and [C]. The cracking load is the load at which the first visible crack 
took place, whereas the ultimate load is the maximum load recorded during the test.  










Pcr (kN) Py (kN) Pu 
(kN) 




0.75 A1 67 67 - - 318 
0.85 A2 80 84 - - 394 




0.75 C1 69 82 200 150 363 
0.85 C2 92 92 200 175 384 
1.00 C3 88 94 225 175 398 
a Hogging-to-sagging 
From Table 4.1, it can be seen that, flexural cracks initiated earlier in specimens 
of group [A] than in those of group [C]. This occurred because the axial stiffness of 
the hybrid reinforcement of specimens of group [C] was higher than that of their 
counterparts from group [A] reinforced with BFRP only. Specimens A2 and A3 with 
the higher hogging-to-sagging nominal capacity ratios of 0.85 and 1, respectively, 
exhibited a higher cracking load than that of specimen A1 with the lower hogging-to-
sagging nominal capacity ratio of 0.75. Varying the hogging-to-sagging nominal 




[C]. The load capacity of the counterpart specimens of both groups were 
insignificantly different as planned in the design stage. The ultimate loads of 
specimens A1, A2, and A3 were approximately 0.83, 1.03, and 0.94 of those of their 
counterparts C1, C2, and C3, respectively. For specimens of group [A], increasing 
hogging-to-sagging nominal capacity ratio from 0.75 to 0.85 increased the ultimate 
load by approximately 24%. Further increase in the hogging-to-sagging nominal 
capacity ratio did not result in additional increase in the load capacity. The ultimate 
load of specimens of group [C] increased with an increase in the hogging-to-sagging 
nominal capacity ratio. Increasing the nominal hogging-to-sagging capacity ratio from 
0.75 to 1 increased the ultimate load of specimens of group [C] by approximately 10%. 
4.2.1.2 Failure Mode 
Flexural cracks initiated in specimen A1 almost simultaneously in both sagging 
and hogging regions at a load value of approximately 67 kN. As the load progressed, 
the length and width of existing cracks increased and more flexural and flexural-shear 
cracks developed in both sagging and hogging regions. Concrete crushing initiated in 
the hogging region at a load value of approximately 300 kN (93% of the ultimate load). 
Shortly after the initiation of concrete crushing in the hogging region, an inclined 
flexural-shear crack widened and penetrated into the compression zone over the 
middle support, which caused failure of the specimen at an ultimate load of 318 kN 
(see Figure 4.1). Maximum concrete stains of 2715  and 2280  were recorded 
prior to failure in the hogging and sagging regions at approximately 98% and 94% of 
the ultimate load, respectively.  
Specimen A2 exhibited flexural cracks in both sagging and hogging regions at 




as the load increased. Inclined flexural-shear cracks developed also over the middle 
support and under the load points. Failure of specimen A2 was initiated by crushing of 
the concrete in the hogging region at approximately 325 kN (83% of ultimate load 
capacity). Following concrete crushing in the hogging region, the specimen was able 
to carry additional loads until the concrete crushing initiated in the west sagging 
region. Collapse of A2 specimen eventually occurred at an ultimate load of 394 kN 
due to fracture of the specimen along an inclined flexural-shear crack in the west 
sagging region (see Figure 4.2). A maximum concrete stain of 2559 was recoded 
in the sagging region prior to failure at 91% of the ultimate load. No hogging concrete 
strains were record due to a malfunction of the corresponding strain gauge at the onset 
of cracking. 
Initiation of flexural cracks in specimen A3 in both sagging and hogging 
regions took place at an average load of 81 kN. Formation of flexural and flexural-
shear cracks in both regions occurred as the load increased.  Failure of specimen A3 
was initiated by crushing of the concrete in the hogging region at an approximate load 
of 325 kN (87% of ultimate load capacity). Despite the initiation of concrete crushing 
in the hogging region, the load continued to increase until the specimen collapsed at 
an ultimate load of 375 kN due to fracture of the specimen along an inclined flexural-
shear crack in the hogging region (see Figure 4.3). Close examination of the specimen 
after failure revealed formation of a longitudinal bond-splitting crack in the tension 
zone of the hogging region in addition to a local concrete crushing in the sagging 
regions. The concrete stains at ultimate load were 5500  and 1700  in the hogging 






































































































































































































































































































































































































All specimens of group [C] failed by concrete crushing after formation of 
several flexure cracks in both sagging and hogging regions. Initiation of concrete 
crushing occurred after yielding of the steel reinforcement in both hogging and sagging 
regions. All specimens of group [C] exhibited concrete crushing in the hogging region 
prior to sagging regions. 
Flexural cracks in specimen C1 initiated in the sagging and hogging regions at 
load values of 69 kN and 82 kN, respectively. The cracks widened and increased in 
length as the load increased. Inclined flexure-shear cracks developed also, as the load 
progressed, over the middle support and under the load points. Yielding of the steel 
reinforcement took place in the hogging and sagging regions at load values that 
corresponded to approximately 41% and 55% of the ultimate load, respectively. 
Failure of specimen C1 was initiated by crushing of the concrete in the hogging region. 
Following concrete crushing in the hogging region, the specimen was able to carry 
additional load until the concrete crushing initiated also in the east sagging region. 
Collapse of C1 specimen eventually occurred at an ultimate load of 363 kN due to 
fracture of the specimen along an inclined flexure-shear crack developed in the east 
sagging region (Figure 4.4). No concrete strains were recorded because of a 
malfunction of the corresponding strain gauges shortly after yielding of the steel 
reinforcement.  
Flexural cracks initiated in specimen C2 almost simultaneously in both sagging 
and hogging regions at a load value of approximately 92 kN. As the load progressed, 
the length and width of existing cracks increased and more flexure and flexure-shear 
cracks developed in both sagging and hogging regions. Yielding of the steel 




corresponded to approximately 46% and 52% of the ultimate load, respectively. 
Concrete crushing initiated in the hogging region then the sagging regions. As the load 
progressed and after initiation of concrete crushing in the sagging regions, an inclined 
flexure-shear crack widened and penetrated into the compression zone over the middle 
support, which caused collapse of the specimen at an ultimate load of 384 kN (see 
Figure 4.5). The concrete stain at failure was 2450  in sagging region. The concrete 
strain in the hogging region at failure was not recorded because of a malfunction of 
the corresponding strain gauge shortly after yielding of the steel in the hogging region. 
Initiation of flexural cracks in specimen C3 took place in both sagging and 
hogging regions at an average load of 90 kN. Additional flexural and flexure-shear 
cracks developed as the load increased. Yielding of the steel reinforcement took place 
in the hogging and sagging regions at load values that corresponded to approximately 
44% and 57% of the ultimate load, respectively. Failure of specimen C3 was initiated 
by the concrete crushing in the hogging region. Then, the load continued to increase 
until concrete crushing took place in the sagging regions. Collapse of specimen C3 
occurred at an ultimate load of 398 kN when an inclined flexure-shear crack penetrated 
in the compression zone over the middle support (see Figure 4.6). Maximum concrete 
stain of 2000 was recorded in the hogging region prior to failure at a load value of 
approximately 80% of the ultimate load. The concrete strain recorded in the sagging 








































































































































































































































































































































































4.2.1.3 Deflection Response 
Specimen A1 exhibited a linear behavior until flexural cracks initiated at a 
deflection of approximately 2 mm as shown in Figure 4.7. Following cracking, the 
deflection increased at a higher rate. The two spans of the specimen exhibited an 
identical linear deflection response in the post-cracking stage up to the ultimate load. 
An average deflection of 43.1 mm was recorded at the ultimate load. A sudden drop 
in the load took place at the onset of failure. 
Specimen A2 exhibited a linear deflection response up to initiation of flexural 
cracks that took place at an average deflection of approximately 2.3 mm (Figure 4.8). 
In the post-cracking stage, the two spans experienced an almost identical linear 
response up to a load value of approximately 325 kN, where concrete crushing initiated 
in the hogging region. Concrete crushing started in the sagging region at a load value 
of approximately 360 kN which resulted in a further increase in the rate of increase of 
the deflection. That was more evident in the west sagging region than in the east 
sagging region. Eventually specimen A2 reached its ultimate load at west and east 
deflections of 58 mm and 48.6 mm, respectively.  
Specimen A3 exhibited a linear deflection response until initiation of flexural 
cracks that occurred at an average deflection of approximately 2.3 mm. The deflection 
increased linearly in the post-cracking stage until concrete crushing initiated in the 
hogging region at a load value of approximately 325 kN. Following initiation of 
concrete crushing, the deflections increased at a slightly higher rate. Specimen A3 
experienced a plastic deflection response juts prior to failure as shown in Figure 4.9 




zone over the middle support. Finally, specimen A3 reached its ultimate load at west 
and east deflections of 46.6 mm and 47.7 mm, respectively. 
 
Figure 4.7: Load-deflection response of specimen A1 
 
 











































Figure 4.9: Load-deflection response of specimen A3 
The deflection responses of specimens C1, C2, and C3 are shown in Figures 
4.1, 4.11, and 4.12, respectively. The east and west deflection responses of specimen 
C1 were almost identical. Similarly, the deflection responses of specimen C2 in the 
west and east sagging regions were insignificantly different. Specimens C1 and C2 
exhibited a linear deflection response up to initiation of flexural cracks that took place 
at average deflections of approximately 1.5 mm and 1.75 mm, respectively. Following 
cracking, both specimens experienced an almost linear response until the last steel 
yielding occurred in the sagging region at a load value of approximately 200 kN and 
corresponding deflection of approximately 8 mm. A decrease in the stiffness was 
evident at the onset of the last steel yielding which increased the rate at which the 
deflection was increasing. The concrete crushing initiated in the hogging region at a 
load value of approximately 360 kN and resulted in a slight change in the slope prior 
to failure which took place at deflections of approximately 44 mm and 48 mm for 























Specimen C3 showed a perfectly identical east and west mispan deflection 
responses. The specimen reached the cracking load at a deflection value of 
approximately 2 mm. The deflection increased at a higher rate after cracking until the 
last steel yielding took place at a load value of approximately 225 kN and a 
corresponding defection of approximately 9 mm. The last steel yielding which 
occurred in the sagging region affected the deflection response and further increased 
the rate at which the deflection was increasing. The deflection response of specimen 
C3 plateaued after the occurrence of the concrete crushing in the hogging region at a 
load value of approximately 385 kN and deflection of 38 mm. Specimen C3 eventually 
failed at a deflection of approximately 48 mm. 
The average of the west and east deflections for specimens of groups [A] and 
[C] are plotted against the total applied load in Figure 4.13. Specimens of group [C] 
experienced less deflections than those of specimens of group [A] in both pre-cracking 
and post-cracking stages. This occurred because specimens of group [C] included 
hybrid reinforcement whereas specimens of group [A] were reinforced with BFRP bars 
only. This occurred because the axial stiffness of the hybrid reinforcement (BFRP and 
steel) was higher than that of BFRP bars only. Another possible reason is that steel 
bars, typically, have better bond with the concrete which could limited the crack 
growth in specimens of group [C] and improved the flexural stiffness.  After cracking, 
the deflection increased at a higher rate in all specimens. The post-cracking stiffness 
was affected by the hogging-to-sagging nominal capacity ratio. Increasing the 
hogging-to-sagging nominal capacity ratio from 0.75 (specimen A1) to 0.85 (specimen 
A2) resulted in a noticeable increase of approximately 23% in the post-cracking 




(specimen A3) resulted in an insignificant increase in post-cracking stiffness. The post-
cracking stiffness of specimen C2 with a hogging-to-sagging nominal capacity ratio of 
0.85 was insignificantly higher than that of specimen C1 with a hogging-to-sagging 
nominal capacity ratio of 0.75. In contrast, the post-cracking stiffness of specimen C3 
with a hogging-to-sagging nominal capacity ratio of 1 was approximately 13% higher 
than that of specimen C2. 
 
Figure 4.10: Load-deflection response of specimen C1 
 











































Figure 4.12: Load-deflection response of specimen C3 
Values of the deflection of the over-reinforced RC specimens at service and 
ultimate loads are given in Table 4.2 and depicted in Figure 4.14. Increasing the 
hogging-to-sagging nominal capacity ratio did not have noticeable effect on the 
deflection at service load but tended to increase the deflection at ultimate load. The 
use of the hybrid reinforcement rather than BFRP bars only significantly decreased the 
deflection at service load but had an almost no effect on the deflection at ultimate load. 
The deflection of specimens of group [C] at service load was approximately 50% lower 
than that of specimens of group [A]. The deflections at ultimate load of specimens of 
group [C] were on average 96% of those of specimens of group [A]. This indicated 
that although the use of hybrid reinforcement improved the serviceability of specimens 
of group [C] by improving the stiffness and reducing the deflection at service load, 
specimens of group [C] were still able to undergo significant deformations prior to 



























Figure 4.13: Load-deflection response of the over-reinforced RC specimens; (a) 




















































Figure 4.14: Deflections of the over-reinforced RC specimens at service and 
ultimate loads 
Table 4.2: Service and ultimate deflections for specimens of groups [A] and [C] 
Specimen 
 









A1 127.0 9.4 317.6 43.1 
A2 157.4 11.0 393.6 53.3 
A3 149.8 9.5 374.6 47.2 
C1 145.2 4.7 363.0 42.8 
C2 153.6 5.6 384.0 47.9 
C3 159.2 5.2 398.0 46.9 
a 40% of the ultimate load 
b Average of east and west records 
4.2.1.4 Reinforcement Strain Response 
Figure 4.15 shows the load versus the BFRP strains measured in the east and 
west sagging regions for specimens of group [A]. The BFRP strain response featured 
two phases. In the pre-cracking phase, the BFRP reinforcement experienced no or 
minimal strains as the concrete was enduring the majority of the load. The BFRP strain 
increased suddenly at the onset of cracking then increased linearly at an almost 




















Deflection at service load




had the same amount of BFRP reinforcement in the sagging region, specimen A1 with 
the lower hogging-to-sagging BFRP reinforcement ratio exhibited higher rate of 
increase of the BFRP strain in the sagging region than those of specimens A2 and A3 
with the higher hogging-to-sagging capacity ratios. This occurred because at a given 
value of load, sagging regions of specimen A1 were subjected to higher moments than 
those of specimens A2 and A3 (i.e. sagging regions of A1 gained moments greater 
than those of A2 and A3 due to an increase in the moment redistribution between the 
sagging and hogging regions).  Specimens A1, A2, and A3 reached their ultimate loads 
at sagging BFRP strain values of approximately 14,000 µɛ, 16,500 µɛ, and 17,500 µɛ, 
respectively. The recorded BFRP strains at ultimate load confirmed that no BFRP 
rupture occurred in the sagging regions of specimens of group [A].  
Hogging BFRP strain responses for specimens of group [A] are plotted in 
Figure 4.16. The BFRP bars in the hogging region were not strained prior to cracking. 
Sudden increase in the BFRP strain was recorded at the onset of cracking. Alike the 
sagging BFRP strain response, specimen A1 with lowest hogging-to-sagging 
reinforcement ratio exhibited a higher rate of increase in the BFRP strain in post-
cracking stage than those of specimens A2 and A3. BFRP strains at failure were not 





Figure 4.15: BFRP strain response in the sagging regions of specimens of group [A] 
.    
 
Figure 4.16: BFRP strain response in the hogging regions of specimens of group 
[A] 
The steel strain responses for specimens of group [C] in the sagging and 
hogging regions are plotted in Figures 4.17 and 4.18, respectively, whereas the 






































BFRP strain in hogging region  ()














respectively. Specimens of group [C] exhibited a tri-linear steel strain response. 
Initially, steel bars exhibited no or minimal strains until flexural cracks initiated. 
Subsequently, the steel strain increased linearly until yielding occurred. Following 
yielding, a plastic steel strain response was observed. All specimens of group [C] 
experienced steel yielding in the hogging region before it happened in the sagging 
regions. 
 
Figure 4.17: Steel strain response in the sagging regions of specimens of group [C] 
 











































Steel strain in the hogging region ()








Figure 4.19: BFRP strain response in sagging for specimens of group [C] 
 
Figure 4.20: BFRP strain response in hogging for specimens of group [C] 
The BFRP strain responses for specimens of group [C] featured three phases. 
Insignificant or minimal BFRP strains were recorded in the pre-cracking phase. Then, 













































BFRP strain in the hogging region ()







stage, the BFRP strain continued to increase but at a higher rate until failure. Varying 
the hogging-to-sagging nominal capacity ratio had insignificant effect on the rate of 
increase of the steel and BFRP strain response in the sagging regions. Nevertheless, 
the steel and BFRP strains tended to decrease in the hogging region by increasing the 
hogging-to-sagging capacity ratio. 
4.2.1.5 Concrete Strain Response 
The concrete strain was measured by means of surface mounted strain gauges 
attached to the extreme compression fiber of concrete under the point loads and over 
the middle support. In some specimens, failure of the strain gauges took place before 
failure of the specimen due to local crushing and/or cracking of concrete under the 
strain gauge. Figures 4.21 and 4.22 depict the concrete strain responses for specimens 
of groups [A] and [C], respectively. 
Generally, in the pre-cracking stage, the specimens exhibited minimal concrete 
strains. After concrete cracking and as the load progressed, the concrete strain 
increased at an almost constant rate until concrete crushing initiated which caused a 
change in the slope of the concrete strain response in the hogging regions of specimens 
A1 and A3 at 300 kN and 325 kN, respectively. For specimens of group [A], the 
concrete strain in the hogging region increased at a rate higher than that of the sagging 
region. This occurred because the hogging region had a lower amount of BFRP 
reinforcement than that of the sagging regions. The concrete strain response of 
specimen A2 in the hogging region was not recorded due to a malfunction of the strain 
gauge at the onset of cracking. From Figure 4.21, it can be seen that increasing the 
hogging-to-sagging nominal capacity ratio reduced the rate at which the concrete strain 




highest concrete strain in sagging region. This can be ascribed to the higher sagging 
moment developed in specimen A1 due to a greater moment redistribution than that 
occurred in specimens A2 and A3.  
 
Figure 4.21: Concrete strain response for specimens of group [A] 
 























































Specimens of group [C] exhibited insignificant concrete strains prior to 
cracking. In the post-cracking stage, the concrete strain response experienced a change 
in the slope at the onset of the steel yielding. Specimens C2 and C3 exhibited another 
significant change in the slope of the concrete strain response in the sagging region 
prior to failure possibly due to the crushing of the concrete in the hogging region. 
4.2.1.6 Load-Moment Relationship 
Middle support reactions were obtained using a load cell placed between the 
middle support and bottom soffit of the specimens whereas the end support reactions 
were calculated based on satisfying equilibrium of the measured total applied load, P, 
and the measured middle support reaction. An elastic analysis was performed to 
calculate the elastic moments of a typical specimen assuming a uniform flexural 
stiffness along the specimen’s length as shown in Figure 4.23, where Mh,e is the elastic 
hogging moment, Ms,e is the elastic sagging moment, Rm,e is the elastic middle support 
reaction, and Re,e is the elastic end support reaction, and L is the span length. 
 
 
Figure 4.23: Elastic moments and support reactions 
 
The experimental load-moment relationships for specimens of groups [A] and 




and hogging regions were calculated based on the measured total applied loads and 
measured middle support reactions using Eq. 4.1 and Eq. 4.2, respectively.  
 
Ms =  (
P-Rmid
2





) (0.4 L)- (
P-Rmid
2
) (L) Eq. 4.2 
Where: 
Ms = sagging moment.  
Mh = hogging moment. 
P = total applied load. 
L = span length (2.4 m) 
Rmid = middle support reaction 
From Figure 4.24, it can be seen that the response of all specimens of group 
[A] was nearly elastic in the pre-cracking stage where the moment from experiments 
almost coincided with the corresponding elastic moments. In the post-cracking stage, 
the bending moments obtained from the tests deviated from the elastic response due to 
non-uniform propagation, distribution, and growth of cracks between the sagging and 
hogging regions which resulted in non-uniform flexural stiffness along the specimen’s 
spans. The sagging moments in all specimens were greater than the corresponding 
elastic moments, whereas the hogging moments were lower than those calculated from 
the elastic analysis. This can be attributed to the increased flexural stiffness of the 
sagging regions compared to those of the hogging regions. 
Specimen A1 exhibited the greatest deviation from the elastic response because 




specimen A1 deviated further from the elastic response at a load value of 
approximately 285 kN, when the concrete crushing initiated in the hogging region. 
After initiation of the concrete crushing in the hogging region of specimen A1, the 
hogging moment plateaued (i.e. became constant) whereas the sagging moment 
continued to increase up to failure.  Crushing of concrete in the hogging regions of 
specimens A2 and A3 that took place at a load value of approximately 325 kN resulted 
in a significant reduction in the hogging moment and an increase in the corresponding 
sagging moment. The hogging moment in specimen A2 became constant at a load 
value of approximately 350 kN possibly due to initiation of concrete crushing in the 
sagging region. Specimen A1 failed shortly after the concrete crushing was initiated 
in the hogging region which limited the amount of moment redistribution. Due to the 
increased amount of BFRP reinforcement in the hogging regions of specimens A2 and 
A3 compared to that of A1, they were able to sustain additional deformation without 
collapse after initiation of concrete crushing in the hogging region which resulted in a 
greater moment redistribution.  
The experimental and elastic load-moment responses of specimens of group 
[C] are plotted in Figure 4.25. Initially, the response of specimens of group [C] 
coincided with elastic response until yielding of the steel took place in the hogging 
region at a load value of approximately 150 kN for specimen C1 and 175 kN for 
specimens C2 and C3. Following yielding, the response deviated from the elastic one. 
The deviation from the elastic response increased as the hogging-to-sagging 
reinforcement ratio decreased. Specimen C1 exhibited the greatest deviation from the 
elastic response because it had the lowest hogging-to-sagging nominal capacity ratio 




because it had the same amount of reinforcement in both sagging and hogging regions. 
Concrete crushing occurred in the hogging regions of specimens C2 and C3 at load 
values of approximately 375 kN and 385 kN, respectively, which resulted in a sudden 
reduction in the hogging moment and a corresponding increase in the sagging moment 
just prior to failure. 
 
Figure 4.24: Load-moment response for specimens of group [A] 
 
 




















































4.2.1.7 Moment Redistribution 
The moment redistribution ratio, β, is given by: 
 






Mexp = bending moment from the test. 
 Me = bending moment from the elastic analysis. 
Table 4.3 gives the moment redistribution ratios calculated at the first concrete 
crushing which occurred in the hogging region, and also at the ultimate load. Positive 
values of the moment redistribution ratio indicate gain of moment whereas negative 
values indicate loss of moment relative to the corresponding elastic moment. From 
Table 4.3, it can be seen that the hogging regions had negative values for the moment 
redistribution ratios indicating that they lost moments whereas the sagging regions had 
positive values indicating that they gained moment. This occurred because of the 
increased amount of reinforcement in the sagging regions compared to that of the 
hogging regions. 
From Table 4.3, it can be seen that specimens of both groups exhibited 
considerable moment redistribution between the sagging and hogging regions. The 
moment redistribution ratios of specimens of group [C] were typically lower than those 
of their counterparts from group [A]. This can be ascribed to the presence of steel 
reinforcement which restricted growth of cracks in the hogging region prior to yielding 





At the first concrete crushing, specimen A1 exhibited the highest moment 
redistribution ratio compared to those of specimens A2 and A3. Following the 
occurrence of the first concrete crushing in the hogging region of specimens A2 and 
A3, a significant reduction in the hogging moment took place which caused a 
significant deviation from the elastic response. This in turn increased the moment 
redistribution ratios at ultimate load for specimens A2 and A3 to a level higher than 
that of specimen A1. 
For specimens of group [C], the moment redistribution ratio at the first concrete 
crushing typically decreased by increasing the hogging-to-sagging reinforcement ratio. 
Despite the additional deviation from the elastic response after the occurrence of the 
first concrete crushing, specimen C3 having same amount of reinforcement in both  the 
sagging and hogging regions exhibited the lowest moment redistribution ratio at 
ultimate load. 
Table 4.3: Moment redistribution ratios for the over-reinforced RC specimens 
Specimen 
Moment redistribution ratio ( %) 
At first concrete crushinga At ultimate load 
Sagging Hogging Sagging Hogging 
A1 34.7 -37.5 40.0 -43.4 
A2 22.8 -24.7 42.0 -45.5 
A3 29.1 -31.5 48.0 -52.0 
C1 25.6 -27.7 28.2 -30.5 
C2 25.4 -27.5 29.2 -31.6 
C3 12.8 -13.8 22.4 -24.2 
a








4.2.1.8 Crack Width 
All specimens were loaded first until the initiation of the flexural cracks in both 
the sagging and hogging regions, unloaded, then loaded back to failure. Crack width 
data were recorded during the final test to failure by means of crack clip transducers 
attached to the extreme tension fiber of concrete at the midspans and over the central 
support at the location of the first visible flexural crack. Crack width is plotted against 
the total load in Figures 4.26 and 4.27 for specimens of groups [A] and [C], 
respectively. Generally, specimens of group [C] showed lower crack width than those 
of group [A]. This occurred due to the presence of the steel bars in the hybrid 
reinforcement of specimens of group [C] which improved their flexural stiffness and 
enhanced the bond with the concrete. For specimens of both groups, the crack width 
in the hogging region typically decreased by increasing the hogging-to-sagging 
reinforcement ratio. Varying the hogging-to-sagging reinforcement ratio had no 
noticeable effect on the crack width in sagging region. 
From Figure 4.26, it can be seen that the crack width in the hogging region of 
specimen A1 with the hogging-to-sagging nominal capacity ratio of 0.75 was 
significantly higher than that of the sagging region. For instance, at a load value of 150 
kN, the crack width was approximately 2.8 mm in the hogging region whereas it was 
only 0.6 mm in the sagging region. In contrast, for specimens A2 and A3 with the 
higher hogging-to-sagging nominal capacity ratios of 0.85 and 1, respectively, the 
crack width in hogging and sagging regions were insignificantly different. 
From Figure 4.27, it can be seen that the crack width increased in the hogging 
and sagging regions at a higher rate after yielding of the steel reinforcement which 




crack width in the hogging region of specimens of group [C] tended to be higher than 
that of the sagging region. For instance, at a load value of 250 kN, the crack width was 
on average 1.75 mm in the hogging region and 1 mm in the sagging region. 
 
Figure 4.26: Load-crack width response for specimens of group [A] 
 
 


















































The crack width records for specimens of groups [A] and [C] at service and 
ultimate loads are given in Table 4.4. Specimens of each group had identical 
reinforcement in the sagging regions, and hence, varying the hogging-to-sagging 
reinforcement ratio had no noticeable effect on the crack width in the sagging region. 
In contrast, the crack width in the hogging region was affected by varying the hogging-
to-sagging reinforcement ratio. 
Table 4.4: Crack width at service and ultimate loads for the over-reinforced RC 
specimens 
Specimen 
Service loada Ultimate load 
Saggingb Hogging Saggingb Hogging 
A1 0.4 2.2 1.5 5.4 
A2 0.7 0.9 2.3 2.1 
A3 0.6 0.6 1.5 1.4 
C1 0.3 0.5 2.2 3.3 
C2 0.4 0.6 3.1 3.2 
C3 0.2 0.5 1.9 2.9 
a 40% of the ultimate load 
b Average of west and east records 
The crack width in the hogging region for specimens of group [C] at both 
service and ultimate loads are compared to those of specimens of group [A] in 
Figure 4.28. For specimens of group [A], the crack width in the hogging region at both 
service and ultimate loads typically decreased by increasing the hogging-to-sagging 
nominal capacity ratio. Increasing the hogging-to-sagging nominal capacity ratio 
decreased also the crack width in the hogging region of specimens of group [C] at 
ultimate load but had no noticeable effect on the crack width at service load. From 
Figure 4.28, it is evident that the reduction in the crack width caused by increasing the 
hogging-to-sagging nominal capacity ratio was more pronounced for specimens of 




service load for specimens of group [C] were on average 57% lower those of 
specimens of group [A]. This indicated that the use of hybrid reinforcement rather than 
BFRP reinforcement solely improved the serviceability performance of the tested 
specimens.  
 
Figure 4.28: Crack width in the hogging region of the over-reinforced RC 
specimens 
 
4.2.2 Under-reinforced RC Specimens 
Under-reinforced RC specimens consisted of three specimens reinforced with 
BFRP bars (group [B]) and three specimens reinforced with hybrid BFRP and steel 
bars (group [D]). The nominal flexure capacity in designed to be the same in the 
sagging region of specimens of groups [B] and [D]. In each group, the hogging-to-
sagging nominal capacity ratio was 0.5, 0.75, or 1. 
4.2.2.1 Load Capacity 
Table 4.5 presents magnitudes of the cracking and ultimate loads for specimens 























Crack width at service load




earlier in specimens of group [B] than in those of group [D]. This occurred possibly 
because specimens of group [D] had hybrid reinforcement having a higher axial 
stiffness than that of their counterparts from group [B]. Varying the hogging-to-
sagging nominal capacity ratio had an almost no effect on the cracking load for 
specimens of group [B]. Increasing the hogging-to-sagging nominal capacity ratio 
increased the cracking load in the hogging region of specimens of group [D]. The load 
capacity of all specimens increased with an increase in the hogging-to-sagging 
nominal capacity ratio. Although specimens of groups [B] and [D] were designed to 
have similar sectional moment strength, the load capacity of specimens of group [D] 
was on average 18% higher that of group [B]. This could be attributed to the presence 
of the steel reinforcement that allowed specimen D1 to be intact after the occurrence 
of local BFRP rupture in the hogging region which allowed for a greater moment to 
be transferred from the hogging to the sagging regions, and hence increased the load 
capacity. The higher load capacities exhibited by specimens of group [D] compared 
with those of their counterpart specimens from group [B] can be attributed to a 
variation in the actual mechanical properties of BFRP and/or steel bars compared to 
those obtained from tensile tests. 








Pcr (kN) Py (kN) Pu 
(kN) 




0.50 B1 55 58 - - 123.5 
0.75 B2 46 45 - - 144.0 




0.50 D1 67 66 100 - 136.0 
0.75 D2 57 74 100 100 170.5 
1.00 D3 55 76 100 100 199.5 




4.2.2.2 Failure Mode 
All specimens of group [B] failed by rupture of BFRP bars in the hogging 
region without concrete crushing. The BFRP rupture occurred in the hogging region 
after formation of several flexure cracks in both sagging and hogging regions. Rupture 
of BFRP bars resulted in a rapid release of energy and a complete loss of strength of 
the specimens. Figures 4.29, 4.30, and 4.31 show photos of specimens B1, B2, and B3, 
respectively, prior to and after failure. 
Specimens of group [D] experienced steel yielding in both sagging and 
hogging regions followed by progressive BFRP rupture in the hogging region. The 
specimens eventually collapsed when the steel bars were ruptured. No concrete 
crushing occurred neither in the hogging nor in the sagging regions at failure. Rupture 
of BFRP occurred in the hogging region after development and propagation of 
numerous flexural cracks in both sagging and hogging regions. Photos of specimens 






















































































































































































































































































































































































































































































































































































































































































































































































































































































4.2.2.3 Deflection Response 
The deflection responses of specimens B1, B2, and B3 are depicted in Figures 
4.35, 4.36, and 4.37, respectively. All specimens of group [B] exhibited very small 
deflections in the pre-cracking stage. The deflections at the onset of the flexural 
cracking were in the range of 1 mm to 2 mm. Following cracking, the specimens 
experienced a quasilinear deflection response. Multiple load decays can be seen in the 
deflection response of all specimens of group [B] due to progressive formation of 
flexural cracks during testing. The west and east deflections were insignificantly 
different in all specimens. Specimen B3 recorded a load decay at a load value of 156 
kN (98% of ultimate load) due to local rupture of the BFRP reinforcement in the 
hogging region. Then, the specimen was able to sustain additional deformation with 
insignificant increase in the load until complete rupture of the BFRP took place at an 
ultimate load of 160 kN. Specimens B1, B2, and B3 eventually failed by rupture BFRP 
reinforcement in the hogging region at deflection of approximately 31.5 mm, 35.9 mm, 
and 40.7 mm, respectively. 
 
























Figure 4.36: Load-deflection response of specimen B2 
 
Figure 4.37: Load-deflection response of specimen B3 
The deflection responses of specimens D1, D2, and D3 are illustrated in 
Figures 4.38, 4.39, and 4.40, respectively. The west and east deflection responses were 










































cracking load. In the post-cracking stage of loading, the specimens exhibited a slight 
change in the load-deflection response when yielding of the steel took place in the 
sagging region at a load value of approximately 100 kN. Specimens D1, D2, and D3 
reached their ultimate loads at deflection values of approximately 28.6 mm, 35.4 mm, 
and 40.4 mm, respectively. A sudden drop in the load took place when the specimens 
reached their ultimate loads due to initial rupture of BFRP bars. In the post-peak stage, 
specimen D1 exhibited a significant deformation with insignificant change in the load. 
Another drop in the load was observed in specimen D1 and D2 in the post-peak stage. 
This can be attributed to the presence of the steel bars that allowed the specimens to 
become intact without collapse when the ultimate load was reached. The specimens 
eventually collapsed due to rupture of the steel bars.    
 
























Figure 4.39: Load-deflection response of specimen D2 
 
 
Figure 4.40: Load-deflection response of specimen D3 
The average of west and east deflections for specimens of groups [B] and [D] 
are plotted against the total applied load in Figure 4.41. Although both groups recorded 










































stiffness than that of specimens of group [B] in the pre-cracking and stage. After 
cracking, the deflection increased at a higher rate in all specimens. Increasing the 
hogging-to-sagging nominal capacity ratio increased the stiffness of specimens of both 
groups. In the post-peak stage, specimens of group [D] with the hybrid reinforcement 
were able to sustain additional deformation until they collapsed by rupture of steel 
bars, which was preceded by rupture of BFRP. In contrast, specimens of group [B], 
which were reinforced with BFRP bars only, did not feature a post-peak phase because 
they failed suddenly by rupture of BFRP bars when the ultimate load was reached. 
Values of deflections of the under-reinforced RC specimens at service and 
ultimate loads are given in Table 4.6 and depicted in Figure 4.42. For specimens of 
both groups, increasing the hogging-to-sagging nominal capacity ratio increased the 
deflection at ultimate load but had no noticeable effect on the deflection at service 
load. The inclusion of steel bars in the hybrid reinforcement of specimens of group [D] 
reduced the deflection at service load compared to that of specimens of group [B]. The 
deflections at service load of specimens of group [D] were on average 48% lower than 
those of specimens of group [B]. Although the use of hybrid reinforcement rather than 







Figure 4.41: Load-deflection response of the under-reinforced RC specimens; (a) 


















































Figure 4.42: Deflections of the under-reinforced RC specimens at service and ultimate 
loads 
Table 4.6: Service and ultimate deflection response of groups [B] and [D] 
Specimen 









B1 49.4 4.0 123.5 31.5 
B2 57.6 5.9 144.0 35.9 
B3 64.0 4.5 160.0 40.7 
D1 54.4 2.1 136.0 28.6 
D2 68.2 2.4 170.5 35.4 
D3 79.8 2.9 199.5 40.4 
a 40% of the ultimate load 
b Average of east and west records 
4.2.2.4 Reinforcement Strain Response 
The BFRP reinforcement strain responses in the sagging region of specimens 
of group [B] are illustrated in Figure 4.43. Although all specimens of group [B] had 
the same amount of BFRP in the sagging region, the rate of increase of the BFRP strain 




















Deflection at service load




At a given value of load, specimen B1 with the lowest hogging-to-sagging 
reinforcement ratio exhibited the highest BFRP strain in the sagging region whereas 
specimen B3 with the highest hogging-to-sagging reinforcement ratio exhibited the 
lowest. This occurred because of the moment redistribution that increased the sagging 
moments in the specimen B1 to a level that was higher than that of specimen B3. The 
BFRP strain response in the hogging region was not recorded due to a malfunction of 
the corresponding strain gauges at the onset of cracking.  
 
Figure 4.43: BFRP strain response in the sagging regions for specimens of group [B] 
The steel strain responses in the sagging and hogging regions for specimens of 
group [D] are plotted in Figures 4.44 and 4.45, respectively, whereas the BFRP 
responses are illustrated in Figures 4.46 and 4.47, respectively. Specimens of group 
[D] experienced steel yielding in both the hogging and sagging regions at a load value 
of approximately 100 kN. It should be noted that the BFRP strain response was 
affected by the steel yielding. The BFRP strain responses in the sagging regions of 
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onset of steel yielding. The BFRP strains at ultimate load were not recorded due to 
malfunction of the strain gauges prior to failure.  
 
Figure 4.44: Steel strain response in the sagging regions for specimens of group 
[D] 
 









































Steel strain in the hogging region  ()
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4.2.2.5 Concrete Strain Response 
The concrete strain responses of specimens of group [B] are shown in 
Figure 4.48. The concrete strains at ultimate load were in the range of 500  to 1000 
 in the hogging and sagging regions, respectively. These values are well below the 
concrete crushing strain value.  This confirmed that the BFRP rupture occurred in 
specimens of group [B] without concrete crushing neither in the sagging nor in the 
hogging region. Specimen B1 exhibited higher concrete strains in the sagging region 
than those of specimen B2. This occurred possibly because of the development of 
higher sagging moments in specimen B1 due to a greater moment redistribution. 
 
Figure 4.48: Concrete strain response for specimens of group [B] 
The complete concrete stain response of specimens of group [D], except D3, 
were not recorded due to malfunction of the strain gauges shortly after cracking. 



























4.2.2.6 Load-Moment Relationship 
The load-moment relationships for specimens of group [B] are shown in 
Figure 4.49. It can be seen that specimen B3 showed an almost elastic response up to 
failure. This occurred because it had the same amount of BFRP reinforcement in both 
sagging and hogging regions. Specimen B3 showed a sudden reduction in the hogging 
moment and a corresponding increase in the sagging moment just prior to failure due 
to a load decay caused possibly because of a local rupture of BFRP in the hogging 
region. Following the load decay, specimen B3 continued to resist the applied load 
until failure occurred by complete BFRP rupture in the hogging region. Specimen B1 
exhibited the greatest deviation from the elastic response because it had the lowest 
hogging-to-sagging nominal capacity ratio of 0.5. The deviation from the elastic 
response decreased with an increase in the hogging-to-sagging nominal capacity ratio, 
and hence, specimen B2 exhibited less deviation from the elastic response compared 
to that of specimen B1. 
The load-moment relationships of specimens of group [D] are shown in 
Figure 4.50. The response of specimen D3 with the same amount of reinforcement in 
both sagging and hogging regions coincided with the elastic response. Similar to the 
response of group [B], specimen D1 with the lowest hogging-to-sagging nominal 
capacity ratio exhibited the greatest deviation from elastic response. Specimen D2 







Figure 4.49: Load-moment response for specimens of group [B] 
 
 
Figure 4.50: Load-moment response for specimens of group [D] 
4.2.2.7 Moment Redistribution 
Table 4.7 gives experimental and elastic moments in addition to the moment 














































seen that the hogging regions had negative moment redistribution ratios indicating that 
they lost moments. The sagging sections had positive moment redistribution ratios 
indicating that they gained moments. This occurred because of the increased amount 
of reinforcement in the sagging regions compared to that of the hogging regions.  
The moment redistribution ratio at ultimate load in the sagging region was in 
the range of +10% to +25% for specimens of group [B] and zero to +31% for 
specimens of group [D]. The ratios in the hogging region ranged from -11 % to -27 % 
for specimens of group [B] and from zero to -34 % for specimens of group [D]. For 
specimens of both groups, the moment redistribution ratio at ultimate load decreased 
by increasing the hogging-to-sagging nominal capacity ratio. This occurred because 
increasing the hogging-to-sagging nominal capacity ratio reduced the difference in the 
flexural rigidity between the sagging and hogging regions, and hence, reduced the 
moment redistribution values. 
Table 4.7: Moment redistribution ratios for under-reinforced RC specimens 
Specimen 
Experimental Moment Elastic Moment 
Moment redistribution 










B1 23.0 20.7 18.4 28.4 25.0 -27.0 
B2 25.5 26.5 21.5 33.1 18.5 -20.0 
B3 26.5 32.7 24.0 36.9 10.4 -11.3 
D1 26.7 20.8  20.4 31.3  31.2 -33.8 
D2 28.1 35.0  25.5 39.3  10.0 -10.8 
D3 29.7 46.2  29.9 46.0  0 0 
 
4.2.2.8 Crack Width 
All specimens were loaded first until the initiation of flexural cracks in both 




widths of specimens of groups [B] and [D] during the final test to failure are plotted 
against the total load in Figures 4.51 and 4.52, respectively. Specimens of both groups 
exhibited higher crack width in the hogging region compared with those measured in 
the sagging regions. Specimen B1 experienced a higher crack width than those of 
specimens B2 and B3. For example, at 100 kN, the crack width in specimen B1 was 
5.8 mm in the hogging region and 2 mm in the sagging region. At the same load of 
100 kN, specimens B2 and B3 featured crack width of approximately 2.5 mm and 1 
mm in the hogging and sagging regions, respectively. Similarly, the crack width 
measured in specimen D1 was higher than those of specimens D2 and D3. The crack 
width in specimens of group [B] started to increase from the very beginning of the 
final test to the failure. In contrast, specimens of group [D] featured insignificant 
increase in the crack width until the load reached a value that correspond to the initial 
cracking load attained during the first load cycle. When the specimens reached their 
initial cracking loads, the crack width started to increase at a higher rate until failure. 
 





























Table 4.8 shows the crack width records for specimens of groups [B] and [D] 
at service and ultimate loads. Figure 4.53 compares values of the crack width for 
specimens of groups [B] and [D] recorded in the hogging region at both service and 
ultimate loads. Specimens of group [D] exhibited significantly lower crack widths at 
service load than those of their counterpart specimens of group [B]. The crack widths 
of specimens of group [D] in the sagging and hogging regions at service load were 
68% and 78% lower than those of specimens of group [B], respectively. Specimens of 
group [D] tended to exhibit lower crack widths in the hogging region at the ultimate 
load compared with those of group [B].Varying the hogging-to-sagging nominal 
capacity ratio had no noticeable effect on the crack width at service load for specimens 
of both groups. It seems that the amount of reinforcement in the specimens was too 
small to show an effect for varying the hogging-to-sagging nominal capacity ratio on 
the crack width at service load. Nevertheless, the crack width at ultimate load on both 
 






























sagging and hogging regions of specimens of group [B] tended to decrease by 
increasing the hogging-to-sagging nominal capacity ratio.  
Table 4.8: Crack width at service and ultimate load for the under-reinforced RC 
specimens 
Specimen 
Service loada Ultimate load 
Saggingb Hogging Saggingb Hogging 
B1 0.7 0.9 2.6 8.1 
B2 0.5 1.2 1.9 4.7 
B3 0.7 1.6 1.7 3.9 
D1 0.1 0.2 - 6.7 
D2 0.2 0.2 3.0 2.4 
D3 0.3 0.4 3.0 3.9c 
a 40% of the ultimate load 
b Average of east and west records 
c
 At a load of 165 kN (83% of the ultimate load) 
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4.2.3 BFRP-RC Specimens 
The BFRP-RC specimens included three over-reinforced specimens (group 
[A]) and three under-reinforced specimens (group [B]). The BFRP reinforcement ratio 
(f) in the sagging region of specimens of groups [A] and [B] corresponded to 3.2fbal 
and 0.95fb, respectively. In each group, the hogging-to-sagging BFRP reinforcement 
ratio was 0.5, 0.75, or 1.  
4.2.3.1 Effect of Hogging-to-Sagging Reinforcement Ratio on Load Capacity 
Table 4.9 presents magnitudes of the cracking and ultimate loads for specimens 
of groups [A] and [B].  From Table 4.9, it can be seen that, flexural cracks initiated 
earlier in specimens of group [B] than in those of group [A]. This occurred because 
specimens of group [B] had lower BFRP reinforcement ratios in both sagging and 
hogging regions compared to those of group [A]. Specimens of group [A] exhibited 
higher ultimate loads than those of group [B]. For specimens of group [A], increasing 
hogging-to-sagging BFRP reinforcement ratio from 0.5 to 0.75 increased the load 
capacity by approximately 24%. Further increase in the hogging-to-sagging BFRP 
reinforcement ratio did not result in additional increase in the load capacity. The load 
capacity of specimens of group [B] increased with an increase in the hogging-to-
sagging BFRP reinforcement ratio. The effect of varying the hogging-to-sagging 
BFRP reinforcement ratio on the load capacity was more pronounced in specimens of 
group [B]. Doubling the hogging-to-sagging BFRP reinforcement ratio increased the 
load capacity by 30% for specimens of group [B]. In contrast, specimens of group [A] 
exhibited only 18% increase in the load capacity as a result of doubling the hogging-




capacity of continuous specimens under-reinforced with BFRP was more sensitive to 
the hogging-to-sagging BFRP reinforcement ratio than that of the over-reinforced 
specimens. 
It should be noted that failure of BFRP-reinforced specimens takes place when 
the moment capacity, causing crushing of concrete, is reached in either the hogging or 
the sagging section. Load-moment responses of specimens of group [A] predicted 
numerically indicated that the hogging region in specimen A2 lost more moment than 
that of specimen A3 because of the reduced amount of reinforcement in the hogging 
region of specimen A2 (refer to Figure 91.5  5  etpahC  91) en nCceC h,yl naCq5sC  
A2  Cce5 Cr t5 tC  ,npr  to attain the moment capacity of the hogging region than that 
of specimens A3. Although this was not recorded experimentally, it could explain why 
the load capacity of specimen A2 was higher than that of specimen A3. 














f,s = 3.2fbal 
0.50 A1 67 67 317.6 
0.75 A2 80 84 393.6 
1.00 A3 80 82 374.6 
[B] 
Under-reinforced 
f,s = 0.95fbal 
0.50 B1 55 58 123.5 
0.75 B2 46 45 144.0 
1.00 B3 50 59 160.0 
a Hogging-to-sagging 







4.2.3.2 Effect of Hogging-to-Sagging Reinforcement Ratio on Deflection 
Response 
The average of deflections for specimens of groups [A] and [B] are plotted 
against the total applied load in Figure 4.54. Specimens of group [A] showed higher 
stiffness than that of specimens of group [B] in both pre-cracking and post-cracking 
stages. After cracking, the post-cracking stiffness was affected by the hogging-to-
sagging BFRP reinforcement ratio. Increasing the hogging-to-sagging BFRP 
reinforcement ratio from 0.50 to 0.75 increased the post-cracking stiffness of 
specimens of groups [A] and [B] by 23 % and 28 %, respectively. Further increase in 
the hogging-to-sagging BFRP reinforcement ratio resulted in an insignificant 
additional increase in post-cracking stiffness for specimens of both groups. 
 
Figure 4.54: Load-deflection response of BFRP groups [A] and [B] 
The deflection at ultimate load tended to increase by increasing the hogging-
to-sagging BFRP reinforcement ratio. The deflection at ultimate load for specimens 



























B3 experienced deflections at ultimate load that were 14% and 29% higher than that 
of specimen B1, respectively. 
4.2.3.3 Effect of Hogging-to-Sagging Reinforcement Ratio on Crack Width 
Figure 4.55 shows the crack width records in the hogging region of specimens 
of groups [A] and [B] at service and ultimate loads. Increasing the hogging-to-sagging 
reinforcement ratio decreased the crack width in the hogging region of specimens of 
group [A] at both the service and ultimate loads. For specimens of group [B], the crack 
width at ultimate load decreased by increasing the hogging-to-sagging BFRP 
reinforcement ratio. Increasing the hogging-to-sagging BFRP reinforcement ratio did 
not, however, reduce the crack width of specimens of group [B] at service load.  
Specimens of group [A], except A1, exhibited a smaller crack width at service 
load than that of their counterparts from group [B]. At ultimate load, all specimens of 
group [A] experienced smaller crack widths than those of group [B]. The crack width 
at ultimate load for specimens of group [A] was on average 51% lower than that of 
specimens of group [B]. 
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Chapter 5: Numerical Modeling 
5.1 Introduction 
A total of 12 three-dimensional (3D) finite element (FE) models representing 
all of the tested specimens were developed using ATENA® 3D package. The finite 
element software (ATENA®) is a nonlinear analysis program developed by Červenka 
Consulting S.R.O (ATENA). The software is a wide-ranged comprehensive finite 
element package specialized in modeling and simulation of reinforced concrete 
structures. A summary of the material constitutive laws and types of the element 
adopted in the FE analysis are presented first in this chapter. The mechanical properties 
of the concrete, steel, and BFRP reinforcement reported in Chapter 3 were used as 
input data in the analysis.  
Bond stress-slip models were adopted between the BFRP reinforcement and 
the concrete and also at the steel-concrete interface. The shear reinforcement was 
assumed to have a perfect bond with the concrete. The accuracy of the computational 
models to simulate the structural behavior of continuous RC specimens reinforced with 
BFRP or hybrid reinforcement was examined by comparing the numerical predictions 
with the corresponding experimental results.  
5.2 Material Constitutive Laws  
5.2.1 Concrete Constitutive Model 
The concrete was simulated using the 3D nonlinear cementitious material 




Menétrey-Willam failure surface (Menetrey and Willam, 1995). It uses return mapping 
algorithm for the integration of the constitutive equations.  
The concrete compressive hardening phase is represented by an elliptical curve 
that starts at a stress value of fco = 2ft, where ft = tensile strength of the concrete (van 
Mier, 1986). The compressive hardening law is illustrated in Figure 5.1 and is 
calculated by Eq. 5.1, where c = compressive stress in the nonlinear hardening phase, 
fco = compressive stress at the onset of nonlinear compressive behavior, fc
’ = cylinder 
compressive strength of concrete, where fc
’ = 0.85 fcu (cube compressive strength), p 

















  Eq. 5.1 
 
Figure 5.1: Concrete compressive hardening law 
The concrete softening law in compression is based on displacement (van Mier, 
1986) and it was assumed linearly descending. In Figure 5.2, p is the concrete strain, 
wc is the displacements, Lc is the length scale parameter, which corresponds to the 





















softening curve in compression ends at a plastic displacement, wd, that is assumed 
equal to 0.5 mm (van Mier, 1986).  
 
Figure 5.2: Concrete compressive softening law 
The compressive strength in a direction parallel to the cracks is reduced as per 
Equations 5.2 and 5.3 (Dyngeland, 1989), where ef'
cf  = effective concrete compressive 
strength in a direction parallel to the cracks, 1 = strain in a direction normal to the 
crack, rc = compressive strength reduction factor, and 
lim
cr  = maximal compressive 

















 Eq. 5.3 
The slope of the ascending branch in tension was assumed equal to the concrete 
modulus of elasticity Ec calculated by Eq. 5.4 (ACI, 2014). The uniaxial tensile 
strength of the concrete, ft, was taken as 0.5 fct  (Nilson et al., 2010), where fct = splitting 
tensile strength of the concrete. In the descending branch, the smeared crack approach 





















present study. The tensile softening law of the concrete is shown in Figure 5.3, where 
wt = crack opening displacement, cf = fracture concrete strain, Lt = crack band length 
which was assumed equal to the size of the element projected into the crack direction. 
wtc = crack opening at the complete release of stress and it is based on the fracture 
energy of the concrete needed to create a unit area of stress-free crack, Gf. The fracture 
energy of the concrete was calculated automatically by ATENA based on the cube 
concrete compressive strength. 
 '4700c cE f  Eq. 5.4 
 
Figure 5.3: Tensile softening law of concrete 
The shear strength of a cracked concrete is calculated using Eq. 5.5, where ef 
= effective shear strength of a cracked concrete, fc
’ = cylinder compressive strength of 
concrete, ag = maximum aggregate size taken as 20 mm, and w = maximum crack 
width. Values of the parameters used in the concrete constitutive model are given in 






































Table 5.1: Parameters of the concrete for the over-reinforced RC specimens 
Parameter Description Value 
E elastic modulus 33.4 x 103 MPa 
υ poisson’s ratio 0.2 
ft tensile strength of concrete 1.94 MPa 
fc
’ cylinder compressive strength of concrete -50.3 MPa 
fcu cube compressive strength of concrete -59.2 MPa 
Gf specific fracture energy 9.118 x 10
-5 MN/m 




maximal compressive strength reduction factor 0.8 
ag maximum aggregate size 0.02 m 
 
Table 5.2: Parameters of the concrete for the under-reinforced RC specimens 
Parameter Description Value 
E elastic modulus 32.7 x 103 MPa 
υ poisson’s ratio 0.2 
ft tensile strength of concrete 2.01 MPa 
fc
’ cylinder compressive strength of concrete -48.3 MPa 
fcu cube compressive strength of concrete -56.8 MPa 
Gf specific fracture energy 8.863 x 10
-5 MN/m 




maximal compressive strength reduction factor 0.8 






5.2.2 Steel Stress-Strain Law 
The stress-strain relationship of the steel bars was assumed elastic-perfectly 
plastic (Figure 5.4). The constitute law of the steel is given in Eq. 5.6, where fs = steel 
stress, fy = steel yielding stress, εs = steel strain, εy = steel strain at yielding, Es = 
Young’s modulus of steel reinforcement, and εsu = ultimate steel strain. The steel 
Young’s modules, Es, was assumed as 200 GPa. The yield strength of the 8 and 12 mm 
steel bars were taken as 555 and 585 MPa, respectively, based on the corresponding 
uniaxial tensile test results. The stress-strain response of the steel plates at the support 
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 Eq. 5.6 
 










5.2.3 BFRP Stress-Strain Law 
The stress-strain law of the BFRP reinforcement given in Eq. 5.7 was assumed 
as linear-elastic up to failure as shown in Figure 5.5, where ff = stress in BFRP, εf = 
BFRP strain, Ef = Young’s modulus of BFRP, and ffr = rupture strength of BFRP. 
Values of the tensile modulus and strength of the BFRP reinforcement reported in 
Chapter 3 were used as input data in the analysis.  
 
frfff fEf    Eq. 5.7 
 
Figure 5.5: Stress-strain law of FRP reinforcement 
5.2.4 Bond-Slip Models 
The bond stress-slip model describes the bond behavior between the reinforcing 
bars and surrounding concrete. It defines the bond stress,  based on the value of 
current slip, s. In this research, the CEB-FIP model (CEB-FIP, 1993), for confined 
concrete, was adopted at the steel-concrete interface (Figure 5.6), where max is the 
bond strength, s1 is the slip corresponding to bond strength, s2 is the slip corresponding 





of the descending branch. For the BFRP bars, a user-defined model was employed 
based on the modified-BPE model  (Cosenza et al., 1997; El Refai et al., 2014a). 
Figure 5.7 shows a typical BFRP bond stress-slip model.  
 
 
Figure 5.6: CEB-FIB bond-slip model for steel bars 
 











Table 5.3 and Eq. 5.8 to 5.11 define the bond stress-slip relationship adopted 
for the steel bars in the FE models. 
Table 5.3: Parameters for the bond stress-slip relationship for steel bars 
Parameter Description Value 
s1 slip corresponds to bond strength 1.0 mm 
s2
 slip corresponds to start of descending branch 3.0 mm 
s3 slip corresponds to friction 15 mm 
 curve fitting parameter 
max   bond strength 2.5 √𝑓𝑐′




  =max  (
𝑠
𝑠1
)𝑎   , 0 ≤ 𝑠 ≤ 𝑠1
 
Eq. 5.8 
  =max    , 𝑠1 ≤ 𝑠 ≤ 𝑠2 Eq. 5.9 
  =max - (max - f ) (
𝑠 − 𝑠2
𝑠3− 𝑠2
) , 𝑠2 ≤ 𝑠 ≤ 𝑠3
 Eq. 5.10 
   =f    , 𝑠 > 𝑠3 Eq. 5.11 
 
A typical bond-slip model for BFRP bars consists of an ascending branch that 
is controlled by Eq. 5.12 , and a descending branch that is defined by Eq. 5.13, where 
α and p are  curve fitting parameters. Table 5.4 summarizes the parameters based on a 
study conducted on the same BFRP bars employed in the current research work (El 






  = (
𝑠
𝑠1
)𝛼  , 0 ≤ 𝑠 ≤ 𝑠1 Eq. 5.12 
𝜏
𝜏𝑚𝑎𝑥
 =1- p (
𝑠
𝑠1
  -1 ) , 𝑠 > 𝑠1  Eq. 5.13 
Table 5.4: Parameters of the bond stress-slip relationship for BFRP bars 
Bar  p max (MPa) s1 (mm) 
BFRP8 0.0283 0.0180 13.2 1.72 
BFRP10 0.040 0.0200 11.3 1.37 
BFRP12 0.034 0.0203 11.6 2.01 
 
 
5.3 Element Types 
An 8-nodes 3D solid brick element was used to model the concrete. The size of 
the concrete element was taken as 40 mm. Reducing the element size below 40 mm 
had insignificant effect on the numerical results but significantly increased the 
computational time. The steel and BFRP reinforcement were modeled as one-
dimensional discrete bars (CCBarWithBond elements) embedded into the 3D solid 
elements with prescribed bond stress-slip relationships. This element 
(CCBarWithBond) allows the reinforcing bars to slip to release stress according to the 
prescribed bond stress-slip relationships. Also, the connection between the reinforcing 
bars and the surrounding concrete body has a limited strength according to the bond 
stress-slip relationships.  The load and support plates were modeled using 3D solid 
brick elements. A typical 3D undeformed shape of the developed model is shown by 






Figure 5.8: Undeformed shape of a typical FE model 
5.4 Boundary Conditions 
Newton-Raphson based method as means of iterative solution was employed 
in the FE analysis. Loading process was conducted by means of prescribed 
displacements located at the midpoint of the top surface of the loading plates. The 
midpoint of the bottom surface of the middle support plate was restrained from 
movement in the longitudinal, transverse and vertical directions (x, y, and z directions, 
respectively). The boundary conditions in the end support plates were applied by 
means of a support line placed at the bottom surface of the plate which restrained the 
movement in the transverse and vertical directions (y and z directions, respectively). 
The end support plates were free to move in the longitudinal direction (x direction). 
5.5 Numerical Results and Comparative Analysis  
5.5.1 Load Capacity 
The yielding and ultimate loads predicted numerically are compared to those 
measured experimentally in Table 5.5. The numerical yielding loads in the sagging 
and hogging regions are determined from the corresponding tensile strain response 




were within 8.2% and 19.1% error bands for the over-reinforced specimens (groups 
[A] and [C]) and under-reinforced specimens (groups [B] and [D]), respectively. The 
difference between the predicted and measured ultimate loads for the under-reinforced 
specimens was higher than that of the over-reinforced specimens. This can be ascribed 
to that the under-reinforced specimens failed by rupture of BFRP whereas the over-
reinforced specimens failed by concrete crushing. The actual value of the BFRP 
rupture strain is uncertain. The greater uncertainty in the actual material properties lead 
to more deviation from experimental results. 
The numerical results indicated that the yielding load consistently increased by 
increasing the hogging-to-sagging nominal capacity ratio. Results of the 
computational models indicated also that all specimens yielded first in the hogging 
region then in the sagging regions, which was in agreement with the results obtained 
from the experiments. The yielding loads predicted numerically in all specimens, 
except D1, were within 15% error band. The error band increased to 20% in specimen 
D1 only. Generally, measuring the true value of the yielding load in RC structures is a 
difficult task. It becomes more difficult when steel bars are supplemented by BFRP 
bars. 
The difference between the predicted and experimental loads for all of the 
tested specimens is, generally, within the acceptable margin of error. The difference 
between the numerical and experimental results can be attributed to a variation in the 















Py,sag Py,hog Pu Py,sag Py,hog Pu Py,sag Py,hog Pu 
A1 - - 317.6 - - 343.8 - - 8.2 
A2 - - 393.6 - - 393.2 - - -0.1 
A3 - - 374.6 - - 379.5 - - 1.3 
B1 - - 123.5 - - 136.9 - - 10.9 
B2 - - 144.0 - - 170.0 - - 18.1 
B3 - - 160.0 - - 174.9 - - 9.3 
C1 200 150 363.0 210 160 363.6 5.0 6.7 0.2 
C2 200 175 384.0 220 175 406.0 10 0 5.7 
C3 225 175 398.0 235 175 408.9 4.4 0 2.7 
D1 100 100 136.0 85 80 162.0 -15 -20 19.1 
D2 100 100 170.5 90 85 188.2 -10 -15 10.4 
D3 100 100 199.5 90 90 217.0 -10 -10 8.8 
   
5.5.2 Deflection Response 
The numerical load-deflection responses of specimens of groups [A], [B], [C], 
and [D] are compared to those obtained from the tests in Figures 5.9 to 5.12, 
respectively. The numerical load-deflection curves presented in these figures are 
stopped shortly after the ultimate load was reached for clarity. The deflection 
responses predicted numerically are in good agreement with those recorded 
experimentally. The numerical load-deflection responses demonstrated that increasing 
the hogging-to-sagging nominal capacity ratio in continuous specimens reinforced 
with BFRP or hybrid reinforcement improved the flexural stiffness which was in 
agreement with the experimental findings. The numerical models tended, however, to 




It is interesting to notice that specimen A2 exhibited higher load capacity than 
that of A3, which was in agreement with experimental findings. Failure of BFRP-
reinforced specimens takes place when the moment capacity, causing crushing of 
concrete, is reached in either the hogging or the sagging section. Numerical results 
shown in Figure 5.19 indicated that for a given load, specimen A2 experienced less 
moment in the hogging region compared with that of A3 because of a greater moment 
redistribution (i.e. the hogging region in specimen A2 lost more moment than that of 
specimen A3 because of the reduced amount of reinforcement in the hogging region 
of specimen A2. As a result, specimen A2 required higher load to attain the moment 
capacity of the hogging region than that of specimens A3. This explains why the load 
capacity of specimen A2 was higher than that of specimen A3. 
A comparison between the numerical and experimental deflection values at 
service and ultimate loads is given in Table 5.6. The deflection values predicted 
numerically were generally in good agreement with those measured experimentally. 
The predicted deflections at service load for the BFRP and hybrid specimens were 
within 18% and 33% error bands, respectively. The predicted deflection values at 
ultimate load for all specimens, except C3, were within 16% error band. The deflection 
of specimen C3 at ultimate load was approximately 20% lower than that measured 
experimentally.  
It should be note that the measured service deflections were in the range of 2.1 
to 11 mm. For such small values of deflections, any minor difference between the 
measured and predicted deflections in a fraction of a millimeter would result in a high 




numerical analysis. It can then be stated that the FE models developed in this study 
can provide reasonable predictions for the deflections at the service and ultimate loads. 
Further investigation on the predicted deflection responses showed that the 
hybrid-reinforced specimens (groups [C] and [D]), typically experienced lower values 
of deflections at service loads compared to those of their counterpart BFRP-reinforced 
specimens (groups [A] and [B]). Predicted deflections at service load of the hybrid 
specimens were approximately 50% lower than that of the BFRP specimens which was 
in agreement with the experimental findings. The good agreement between the 
numerical and experimental results confirms the accuracy and validity of the 
computational models developed in the current study to capture the nonlinear 
structural behavior of continuous concrete specimens reinforced with BFRP or hybrid 
steel-BFRP bars. 
Table 5.6: Comparison between numerical and experimental deflections 
Specimen 
 Experimental results 
(mm)  




servicea p servicea p service p 
A1 9.4 43.1 8.6 47.8 -8.5 10.9 
A2 11 53.3 9.5 50.7 -13.6 -4.9 
A3 9.5 47.2 7.8 49.6 -17.9 5.2 
B1 4 31.5 4.5 29.8 12.5 -5.4 
B2 5.9 35.9 5.1 37.3 -13.6 3.8 
B3 4.5 40.7 4.2 34.3 -6.7 -15.8 
C1 4.7 42.8 3.4 37.3 -27.7 -12.7 
C2 5.6 47.9 4.1 41.8 -26.8 -12.7 
C3 5.2 46.9 4 37.3 -23.1 -20.4 
D1 2.1 28.6 1.4 32.9 -33.3 15.0 
D2 2.4 35.4 1.9 32.8 -20.8 -7.2 
D3 2.9 40.4 2.7 35.9 -6.9 -11.2 
 
a










Figure 5.9:Numerical versus experimental load-deflection responses – 
























































Figure 5.10:Numerical versus experimental load-deflection responses – 

























































Figure 5.11:Numerical versus experimental load-deflection responses – 
























































Figure 5.12:Numerical versus experimental load-deflection responses – 

















































5.5.3 Tensile Steel Strain Response 
The numerical tensile steel strain responses for specimens of groups [C], and 
[D] are shown in Figures 5.13 and 5.14, respectively. It is evident that yielding of the 
tensile steel resulted in a significant change in the slope of the corresponding load-
strain response. The numerical analysis indicated that the tensile steel yielded first in 
the hogging regions. This can be ascribed to that the hogging region included lower 
amount of reinforcement compared to that provided in the sagging regions. This was 
less evident in the under-reinforced specimens (group [D] specimens). The yielding 
loads in the hogging regions of specimens of group [D] were insignificantly lower than 
those of the sagging regions (i.e. yielding of steel occurred in the sagging regions 
shortly after it took place in the hogging region). Following yielding, the steel strain 
increased at an almost constant rate until the ultimate load was attained. Varying the 
hogging-to-sagging nominal capacity ratio in specimens of group [C] had an almost 
no effect on the rate of increase of the steel strain. It seems that the difference in the 
amount of BFRP reinforcement in specimens of group [C] was too small to change the 
rate of increase of the steel strain in the post-yielding stage.  In contrast, the rate of 
increase in the steel strain in specimens of group [D] was affected by the hogging-to-
sagging nominal capacity ratio. Increasing the hogging-to-sagging nominal capacity 
ratio in specimens of group [D] significantly reduced the rate of increase of the steel 
strain (i.e. increasing the amount of BFRP in the hogging region decreased the rate at 
which the steel strain was increasing). For specimens of group [D], values of the tensile 
steel strain at ultimate load were below 20% indicating that rupture of the tensile steel 
did not occur when the ultimate load was attained, which was consistent with the 





Figure 5.13: Numerical tensile steel strain responses – group [C] 
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5.5.4 BFRP Strain Response 
The numerical BFRP strain responses for specimens of groups [A], [B], [C], 
and [D] are shown in Figures 5.15 to 5.18, respectively. The numerical results 
indicated that for a given load, the BFRP strain decreased with an increase in the 
hogging-to-sagging nominal capacity ratio. The numerical strain values of the over-
reinforced specimens at ultimate load (groups [A] and [C]) were well below the rupture 
strain of the BFRP bars (i.e. 26000 This is consistent with the experimental results 
that no BFRP rupture was occurred in the over-reinforced RC specimens in neither the 
hogging nor the sagging regions. From Figure 5.17, it can be seen that yielding of steel 
in specimens of group [C] increased the rate at which the BFRP strain was increasing. 
Similarly, Figure 5.18 shows that yielding of steel in specimens of group [D] 
significantly increased the rate at which the BFRP strain was increasing. 
The BFRP strain values at ultimate load of the under-reinforced RC specimens 
(groups [B] and [D]) were corresponding to the BFRP rupture strain. This confirms 
that failure of specimens of groups [B] and [D] was due to BFRP rupture. The 
agreement between the experimental observations and the numerical predictions 
further demonstrates the validity of the FE models developed in this study.  
Varying the hogging-to-sagging nominal capacity ratio had less significant 
effect on the BFRP strain response recorded in the sagging regions. Despite the 
identical reinforcement provided in the specimens of each group in the sagging 
regions, the sagging BFRP strain was slightly affected by the amount of reinforcement 
provided in the hogging region. At a given load, specimens with the lower amount of 




sagging region because they gained more moments in the sagging region caused by 
the moment redistribution. 
The inclusion of steel reinforcement in specimens of groups [C] and [D] 
reduced the initial rate of increase of the BFRP strain compared to that of their 
counterpart specimens from groups [A] and [B], respectively. Subsequently, the 
specimens with the hybrid reinforcement exhibited lower BFRP strains at service loads 
than those of their counterparts with BFRP reinforcement only. This explains why the 
hybrid-reinforced specimens exhibited less deflections at service load compared with 
those of the BFRP specimens. This indicates that development of the FE models was 
essential to simulate the nonlinear structural behavior of the tested specimens and to 
predict strain data that were not captured experimentally. The predicted strain data 
provided improved understanding of the behavior of continuous concrete specimens 









Figure 5.15: Numerical BFRP strain responses – group [A] 
 
 






























































Figure 5.17: Numerical BFRP strain responses – group [C] 
 
 
























































5.5.5 Load-Moment Relationship 
The numerical load-moment relationships for specimens of groups [A], [B], 
[C], and [D] are given in Figures 5.19 to 5.22, respectively. The deviation from the 
elastic response is evident. Specimens with the lowest hogging-to-sagging nominal 
capacity ratio, consequently smallest amount of reinforcement in the hogging region, 
experienced the greatest deviation from the elastic response. The deviation from the 
elastic response decreased with an increase in the hogging-to-sagging reinforcement 
ratio. These findings are consistent with those obtained from the tests which 
demonstrates the capability of the numerical models to capture the nonlinear load-
moment relationships of continuous RC specimens reinforced with BFRP or hybrid 
reinforcement.   
5.5.6 Crack Pattern 
The crack patterns predicted numerically at the ultimate load are compared 
with those observed experimentally in Figures 5.27 to 5.38.  The predicted crack 
patterns are in good agreement with those recorded experimentally. This verifies the 
ability of the FE models to predict the crack patterns and the nonlinear response of the 
tested specimens. The FE models developed in this study are considered a valuable 
and economical alternative to experimental testing which is costly, labor-intensive, 







Figure 5.19: Numerical load-moment relationships – group [A] 
 

















































Figure 5.21: Numerical load-moment relationships – group [C] 
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Chapter 6: Conclusions and Recommendations 
6.1 Introduction 
The structural behavior of continuous concrete specimens internally-reinforced 
with either BFRP or hybrid steel-BFRP bars is investigated in this research through 
experimental testing and numerical simulation. The experimental study included 
testing of 12 two-span RC specimens. Six specimens, groups [A] and [C], were over-
reinforced whereas the remaining six specimens, groups [B] and [D], were under-
reinforced. Specimens of each group had identical reinforcement in the sagging 
regions. The amount of reinforcement in the hogging region varied in an effort to 
investigate the impact of the hogging-to-sagging reinforcement ratio on the behavior 
of the tested specimens. The hogging-to-sagging reinforcement ratio in the specimens 
reinforced with BFRP bars only were approximately 0.5, 0.75, and 1. The sagging and 
hogging sections of the specimens reinforced with hybrid steel-BFRP bars were 
designed in a way so that their nominal moment capacities were similar to those of 
their counterpart specimens reinforced with BFRP bars only. The hogging-to-sagging 
nominal capacity ratios were 0.75, 0.85, and 1 for the over-reinforced specimens and 
0.5, 0.75, and 1 for the under-reinforced specimens. The effect of using hybrid 
reinforcement rather than BFRP bars only on the serviceability and deflection capacity 
was elucidated.  
The numerical simulation involved development of 12 three-dimensional (3D) 
finite element (FE) models representing all of the tested specimens using the software 
package ATENA®. Realistic material laws that account for the nonlinear behavior of 




between the longitudinal reinforcing bars (steel and BFRP) and the surrounding 
concrete. The accuracy and validity of the computational models were examined by 
comparing their predictions with the experimental results.   
Findings of the work along with recommendations for future studies are 
presented this chapter. The two-span RC specimens tested in the present study had a 
width of 500 mm, depth of 200 mm, total length of 5000 mm, and span length of 2400 
mm. The specimens were tested to failure under displacement control at a rate of 1.5 
mm/min. It should be noted that any variation in the specimen’s size, reinforcement 
ratio, properties of materials, and/or loading conditions could change the results, and 
hence, findings of the work. Although conclusions of this work are limited to the 
specimens tested in the present study, the developed FE models can be used as a 
numerical platform to simulate the nonlinear structural behavior of continuous RC 
specimens having different material properties and/or reinforcement ratios.   
6.2 Conclusions 
Through experimental testing and numerical simulation, this work contributes 
to an improved understanding of the nonlinear structural behavior of two-span flexural 
concrete elements reinforced with BFRP or hybrid steel-BFRP bars. General 
conclusions of the work are summarized herein.   
 Increasing the hogging-to-sagging reinforcement ratio in the specimens 
reinforced with BFRP bars increased the ultimate load but had an almost no 
effect on the cracking load. The response of the BFRP under-reinforced 
specimens was more sensitive to the hogging-to-sagging reinforcement ratio 




hogging-to-sagging BFRP reinforcement ratio increased the load capacity by 
18% and 30% for the over-reinforced and under-reinforced specimens, 
respectively. Increasing the hogging-to-sagging reinforcement ratio improved 
the post-cracking stiffness and increased the deflection at ultimate load.  
 The specimens reinforced with hybrid steel-BFRP bars exhibited less 
deflections and smaller crack widths at service load than those of their 
counterparts with BFRP bars only. The deflection at service load for the hybrid 
specimens was approximately 50% lower than that of the BFRP specimens.  
The crack widths in the hogging regions of the over-reinforced and under-
reinforced specimens with the hybrid reinforcement were 57% and 78% lower 
than those of their counterparts with BFRP bars only, respectively.   
 Although the use of hybrid reinforcement improved the serviceability of the 
specimens, it had no noticeable effect on the deflection at ultimate load. The 
specimens reinforced with hybrid steel-BFRP bars reached their ultimate loads 
at deflection values comparable to those of their counterparts reinforced with 
BFRP bars only. The specimens under-reinforced with hybrid steel-BFRP bars 
exhibited a post-peak stage until rupture of steel bars took place after rupture 
of BFRP bars. In contrast, the under-reinforced specimens with BFRP bars 
only failed suddenly by rupture of BFRP when the ultimate load was attained.  
 The specimens with BFRP bars only exhibited considerable moment 
redistribution ratios due to nonuniform distribution and growth of cracks 
between the sagging and hogging regions. The deviation from the elastic 
response decreased by increasing the hogging-to-sagging reinforcement ratio.   
 The moment redistribution ratios of the over-reinforced BFRP specimens at 




region and -32% to -38% in the hogging region. Under-reinforced BFRP 
specimens exhibited lower moment redistribution ratios compared with those 
of their counterpart over-reinforced BFRP specimens. The moment 
redistribution ratios at ultimate load for the under-reinforced BFRP specimens 
were in the range of +10 to +25% in the sagging region and -11% to -27% in 
the hogging region.      
 The inclusion of steel bars in the hybrid-reinforced specimens restricted growth 
of cracks prior to yielding and reduced the difference in flexural rigidity 
between the sagging and hogging regions. Accordingly, the hybrid-reinforced 
specimens tended to exhibit moment redistribution ratios lower than those of 
their counterparts reinforced with BFRP bars only.    
 The 3D finite element models developed in the present study were capable of 
simulating the nonlinear structural behavior of the tested specimens with a 
good accuracy. The models were able to predict strain data not captured 
experimentally. The accuracy and validity of the developed FE models were 
verified by comparing the numerical predictions with the experimental results.  
 The ultimate loads, deflection responses, strain responses, and crack patterns 
predicted numerically were in good agreement with those obtained from the 
tests. The predicted ultimate loads were within 8% and 19% error bands for the 
over-reinforced and under-reinforced specimens, respectively, whereas the 
predicted yielding loads were within a 20% error band. The deflections at 
ultimate load predicted numerically were also within a 20% error band.  The 
models developed in the present study are considered a valuable alternative to 




6.3 Recommendations for Future Studies 
The following are recommendations for future studies in the field of 
reinforcing concrete structures with composite and hybrid reinforcement.  
 Investigate the performance of continuous concrete structures internally 
reinforced with composite bars or hybrid steel-composite bars under impact 
and fatigue loading.  
 Study the durability performance of continuous concrete structures reinforced 
with hybrid steel-composite reinforcing bars under severe environment. 
 Conduct a parametric study using the developed FE model to study the effect 
of a wider range of parameters on the nonlinear behavior of two-span concrete 
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